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Reduction of iron oxides and ores by carbon is a 
key metallurgical reaction. The principal reaction in the 
rotary kiln process is reduction of iron oxide by carbon. 
Direct reduction of iron oxide by carbon is of interest 
also in the iron making in blast furnaces and electric 
smelting furnaces . Therefore an understanding of the kineticg 
and mechanism of reduction of iron oxides by carbon is 
important. The present thesis is concerned with it. 

Conditions prevailing in the rotary kiln process of sponge 
iron making have been kept in mind in the formulation of the i 
problem, because it is being considered as one of the ; 

important processes in India. 

Theoretical considerations and experimental 
findings point out that reduction of iron oxides and ores 
by carbon proceed via the gas phase, wherever the latter is 
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present. The overall reaction is a coupling of the following 
two component reactions, viz. 

G-asification of carbon: G(s) + OO^ig) = 2C0(g) 

and reduction of iron oxides: 

inPe^Oy(s) + 00(g) = hB’e^O^(s) + G02(g) ; 

Most of the studies on the rate and mechanism of 
reduction have been done with powder' mixtures of iron oxide/ 
ore and carbon/coke. They have found that the gasification 
reaction is controlling the rate of the overall process. Some 
investigators have also pointed out that the reduction takes 
place in stages, (i.e. 5'®2®3 ^®x® T'e). They 

observed a marked increase in the rate of reduction in the 
last stage and attributed this to the catalysing effect of 
reduced iron on the gasification reaction. However in the 
rotary kiln process of sponge iron making the ore is in the 
form of pellet or lump, the reductants are comparatively 
finer and the packing is loose. This assemblage differs 
appreciably from the compact mixture of powders studied so far 
in the laboratories by other investigators. 

The present work is a fundamental study but directed 
towards better understanding of the rotary kiln process of 
sponge iron making. It was thus decided to separate the 
two reactants viz, iron oxide and carbon as well as to take 
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the oxide in the fonn of pellet. The principal series of 
investigation was concerned with reaction of pellets 

primarily porous and some dense with electrode graphite powder; 
Graphite powders were kept in an alumina crucible on top of 
which rested the pellet with a hole at the centre. The hole 
at the centre through which a 0-75 mm i.d. alumina tube was 
introduced was the only outlet for the product gases of 
reaction. The pellet and the graphite were sealed from all 
sides except the surfaces facing each other. Temperature of 
reaction was varied from 870°C to 1007°C and distance of 
separation between pellet and graphite varied from 0.0 to 
1.6 cm. 

The product gas (CO + CO 2 ) was continuously monitored 
in-situ with the help of a calcia-stabilized zirconia BMP 
cell . Rate of evolution of product gas was measured with a 
precision capillary flowmeter. A computer programme was made 
to calculate instantaneous carbon and oxygen loss rates, gas 
composition and cumulative carbon and oxygen losses at 
intervals of time . The agreement of the final cumulative 
carbon and oxygen losses respectively with weight losses of 
graphite and the oxide, measured at the end of the experiment 
was within 5 to 10 pet. This is considered as quite 
satisfactory. 





Auxilliaxy investigations were carried out to 
verify the literature findings as well as to help in the 
interpretation of the main results. -325 mesh size particles 
of ferric oxide were mixed with -200 + 230 mesh graphite 
particles and reaction rates were studied with pressing and 
without pressing. Experiments with mixtures of micro-pellets 
of oxide and graphite powder were also carried out. The 
reactivity of graphite powder was estimated in CO 2 and in 
mixtures of CO and CO 2 • Einally the partially reduced pellets 
were examined to identify the different phases present . This 
indicated porous pellet type reduction, 

Variation of gas composition with progress of 
reduction indicated stagewise reduction. The instantaneous 
rate versus percent reduction curves were divided into four 
regions for the sake of explanation. Region III was a steady 
state one corresponding to Ee 0 Pe reduction. Experimental 
results were interpreted mainly with the help of this region. 

Activation energy for the overall reaction was 
found to be 75 kcal/mole . This indicated that the reaction 
was controlled by the gasification of carbon. High activation 
energy also confirmed the absence of catalysis. The distance 
of separation between the two reactants was found to have 
influence on the rate in region III, As the reactants were 
brought nearer the rate increased. 



Theoretical analysis were carried ont for mass 
transfer in the oxide pellet, in the graphite bed and in the 
intervening gas space. The difference in the composition of 
gas across the gas space was found to be about 8 percent when 
the distance of separation between the surfaces of oxide 
pellet and the graphite layer was 1 .6 cm. This indicated 
that transfer of CO molecules from the graphite surface to 
the pellet surface and transfer of CO^ in the opposite direc- 
tion were also partially controlling the rate of reaction. 

The increase of rate with decrease in the distance of 
separation between the oxide pellet and the graphite bed 
could thus be explained. 

Mass transfer of CO and CO^ inside the porous oxide 
pellet is an example of mass transfer in porous solid accom- 
panied by chemical reaction in the pores . The chemical 
reaction, viz. 

Fe^O + CO = xFe + CO 2 

was assumed as a first order reversible one and the empirical 
rate equation obtained by Bicknese and Clarke for reduction 
of fine particles of wustite was employed in order to 
calculate the effectiveness factor (h) . Making a few 
assumptions, the exit gas compositions could be calculated. 
These agreed well with the experimentally determined values. 
It was found that mass transfer in the pellet also partially 


controlled the rate . 
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Mass transfer inside the bed of graphite also comes 
under the category of mass transfer inside porous solid 
accompanied by chemical reaction. However, in contrast with 
the reduction of iron oxide, the gasification reaction obeys 
Langmuir-Hinshelwood rate equation. Following the procedure 
of Roberts and Satterfield, effectiveness factors (h) were 
calculated. Calculations are not reliable because they are 
very sensitive to certain parameters whose values are not 
known accurately. Values of t) were found to be less than 
one indicating also partial rate control by mass transfer 
inside the graphite layer. However the values of H are 
approximately the same at various temperatures . Therefore 
partial control by mass transfer did not lower the value of 
activation energy obtained at the steady state significantly. 

The instantaneous rate versus percent reduction 
curves showed a sharp peak at about 20 percent reduction 
followed by a steady state after about 30 percent reduction. 
The shape was qualitatively explained by variation of rate 
of gasification with change in CO/CO^ ratio. Extrapolation 
formulae finm literature were employed for this purpose. 

One of the equation used for extrapolation was given by 
Eao et al and some others and is as follows. 


^3^i^C0 


Vco 


2 

I^PqO^ 


sec 


Rate of gasification 


I 





>^1 


Intrinsic rate constant^^gm.mole/gm.sec . 


and I, are ratios of rate constants. The values of k. , 

23 1 

I 2 and were obtained from literature for a particular 
temperature . 

The other extrapolation formulae was taken from 

Turkdogan et al and is given below 

e 


Rate = 


"■ 

{ 1 + Pcc/^co ^ 


sec 


0^ and 0QQ are rate parameters dependent on temperature only. 
The values of 0^ and 0^^ were calculated for charcoal, metal- 
lurgical coke and graphite using values given in literature . 

There was quantitative disagreement between the 
experimental rates and calculated rates of gasification. 

The reason for the same seems to be primarily due to the 
errors in extrapolation of reactivity data in pure COg to that 
in a C 0-rich gas. 

Experiments with dense pellets exhibited a lower 
rate of reaction. This is presumably due to a greater mass 
transfer resistance inside the oxide pellet . The investiga- 
tions on mixtures of iron oxide powder and graphite powder 
exhibited two peaks. The second peak corresponded to 
-» Pe stage of reduction. This obserTOtlon Is in 
agreement with literature findings. The rate in this stage 
was an order of magnitude greater than that for the 
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pellet-graphite system. Comparison of rate obtained with 
powder mixture, oxide micro-pellet-graphite powder mixture 
and oxide pellet-graphite powder in separation showed that 
the rate in the second stage (region III) increased with 
increasing contact between the reactants . This may be 
attributed to catalysis by reduced iron as v/ell as less mass 
transfer resistance. However it seems that the volume of the 
gas space has an effect on rate in the first stage of 
reduction. If the volume was more the rate in this stage 
was also found to be more . Ho explanation could be found 
for this . 

On the basis of the various findings of this 
investigation as well as informations available on the 
fundamentals of reduction of iron oxides by carbon, certain 
qualitative predictions have been made about the rate and 
mechanism of reduction in the rotary kiln process of sponge 
iron making. 



CHAPTER 1 


IFTRODUCTIOH 


Reduction of iron oxides and ores by carbon is a 
key metallurgical reaction. It was postulated in the 
nineteenth century that both indirect and direct reductions 
were taking place inside an iron blast furnace. The fortner- 
was meant to denote reduction by carbon monoxide, and the 
latter stood for reduction of iron oxides directly by 
carbon as follows, 

PeO + C ss Pe + CO (1-1) 

taking place principally in the lower portion of the stack. 

Blast furnaces produce liquid impxare iron and is 
the principal iron making apparatus. However, ’sponge iron' 
is becoming increasingly popular now. All countries are 
setting up sponge iron plants, and India is no exception. 

Sponge iron is the porous metallic iron obtained 
by reduction of iron ore in the solid state. The metalliza- 
tion is usually 85-95^. The reasons behind the growing 

( 1 ) 

popularity of sponge iron are several', ' The important 
ones are listed below. 

(1) Blast fumace operates on coke made from 
coking coal. Shortage of coking coal is a World wide 
phenomena. In India the reserves are limited to about 
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( 2 ) 

4600 . Sponge-iron can be made using other types of 

re duct ants, 

(2) High capital cost and long gestation period 
of integrated iron and steel plants led to licensing and 
setting up of mini steel plants, which use electric arc 
furnaces. Shortage of scrap for electric- arc steelmaking 
is visualised. Sponge -iron can be used as a substitute for 
scrap. This will make the mini steel plants less dependent 
on scrap, 

(3) Sponge-iron - electric arc route of steelmaking 

is cheaper than Blast Furnace - Basic Oxygen Furnace route 

( 

at smaller plant size.^-^"^ 

(4) Coking coal availability is localized. 
Tronmaking can be dispersed only by going for sponge iron. 

India is rich in non-coking coal. Petroleum and 
natural gas resources in the country are extremely limited. 
Thus the choice is to go for a technology of sponge iron- 
making based on non-coking coal. This can be achieved in 
two ways. 

(1) One possibility is to gasify the coal and 
use the gas for reduction. This may become costly as the 
process involves two steps. 

(2) The other alternative is to employ coal 
directly as a solid reductant. 

Realizing the importance of sponge iron, the 
National Metallurgical Laboratory set up pilot plant of the 
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rotary kiln process which uses solid reductant directly. 

The rotary kiln process can take in all kinds of coal 
breeze that would be available at the mine site at throw 
away price giving enormous cost advantage , 

The trials at the National Metallurgical Laboratory ^ ^ 
with a 0.9 meter diameter and 10,7 meter long rotary kiln 
using high grade iron ores and pellets and non-coking coal 
has shown promising results, A degree of metallization 
higher than 90% could be achieved by them. They could use 
green pellets and the report shows that the pellets did not 
suffer degradation during reduction. The fuel oil input for 
maintaining the kiln temperature could be entirely curtailed 
by proper operational techniques such as coal throwing from 
the discharge end. 

The Indian Iron and Steel Company, Bumpur, has 

( 5 ) 

developed and patented' a process of making Sponge iron 
in a rotary kiln. In this process 12 mm iron ore fines are 
reduced in a rotary kiln using low grade non-metallurgical 
coals or coke breeze as a reductant. Trials made with a 
0.6 m dia,8 m. long rotary kiln has shown that over 90% | 

metallization with about 95% iron recovery could be obtained, j 

The National Committee of Science and Technology 
has recommended research and development work on a large i 

scale on sponge iron making using indigeneous non-coking | 

coals, ^ ■ They also emphasized the rotary kiln process 

primarily and have recommended setting up of semi-commercial | 
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units of 200-300 tons per day capacity. To author's 

(7) 

knowledge , a few . semi-commercial rotary kiln units for 
sponge iron manufacture are being set up in India now. 

The principal reaction in the rotary kiln process 
is reduction of iron oxide by carbon. As mentioned earlier, 
the direct reduction of iron oxide by carbon is of interest 
in the blast furnace method also. Therefore an under- 
standing of the kinetics and mechanism of the reduction of 
iron oxides by carbon is important. The present thesis is 
concerned with it. Conditions prevailing in rotary kiln have 
been kept in mind in the formulation of the problem. 

Some work on the rate and mechanism of reduction 
have been done with compacted powder mixtures of iron oxide 
and carbon. '' ' However the ore is in the form of pellet or 
l-ump in a rotary kiln and the packing is loose. Moreover, 
reduced iron in contact with carbon seems to have a catalyzing 
effect on the reaction. This complicated the interpretation 
of results on powder mixture. It can be avoided only by 
experimenting on iron oxide and carbon in separation. Fo 
useful information is available in the literattire regarding 
the effect of distance of separation between oxide and 
carbon on the kinetics of reduction. 

It was thus decided that the two reactants viz., 
iron oxide and carbon should be separated if the reactions 
are to be understood properly. Also the oxide should be 
in the pellet form. It was further decided to conduct 
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auxilliaiy investigations to evolve a comprehensive picture 
of this reaction. 

1-1 TRUE DIRECT REDUCTION VERSUS REDUCTION VIA GASEOUS 
MEDIUM 

Kinetically, a solid-solid reaction is expected to 
he much slower compared to a gas-solid one for two reasons. 
First of all, the solid-solid contact area is much smaller 
compared to gas-solid contact area. Secondly, solid-state 
diffusion is much slower compared to mass transfer in gases. 
Therefore, it was recognized even in early days that the 
overall reaction is perhaps talcing place in two stages, viz. 

Reduction of iron oxides, which can he generalized 


as follows: 

nFe^OyCS) + CO(g) = nFe^O^(S) + CO^Cg) (1-2) 

and, gasification of carhon: 

C(S) + COgCg) = 2C0(g) (1-3) 

Reaction (1-2) can he any hne of the following; 

3Fe203(S) + CO(g) = 2Fe504(S) + C02(g) (1-4) 

Fe 30 ^(S) + CO(g) = 3FeO(S) + C02(g) (1-5) 

= Pe(S) + C02(g) 


FeO(S) + CO(g) 


( 1 - 6 ) 
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It should be noted that wustite is non- 
stoic hiome trie . Hence equation (1-5) atid (1-6) are 
s imp 1 if icat ions .. 

12 ) 

Several investigators^-^ ' attempted to measure 
the rates of true "direct" reduction, viz., the solid-solid 
reaction between iron oxide and carbon by continuous 
evacuation of the chamber in the overall temperature range 
of 700 to 1150^0 and pressure range of 5 x 10”'^ -10“^ torr. 
They assumed that the gas phase were substantially eliminated 
by evacuation and hence the rates they obtained represented 
those of solidr-solid reaction. Fig. !l.1' compares these 
experimental data with those obtained by Rao^^\ who 
employed inert gas flushing. 

It may be concluded from Figure 1.1 that the 
rates under inert gas flushing were even smaller compared to 
some of those obtained under evacuated conditions. Therefore 
as such there is no experimental proof to support the 
theoretical expectation that the rate of the solid-solid 
reaction should be much slower than that of the gas-solid 
reaction in this case. However, in these experiments fine 
iron oxide were mixed with powdered graphite and pressed 
into pellet. Although the chamber was evacuated the 
pressure inside the fine pores of the pellets were likely 
to be appreciable because flow of CO and CO 2 from the 
interior of the pellet to the chamber would require a 
substantial pressure difference. The following sample 
calculation reveals it. . 
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The flow of gas tbroiogh a pore is "molecular" or 
"Knudsen" , when the mean free path is larger than the pore 
diameter. This condition was very well met in the tiny 
pores of pellets under a reduced pressure. The through put 
of gas per unit time (U) through such a cylindrical pore may 
be expressed by the following relationship (1-7): 

p? = U = C (p^ - Pg) (1-7) 

where, V is the volumetric flow rate in c.c./sec. at 
pressure p; (p-j - P 2 ) is the difference in pressure across 
the tube; G is known as the conductance and is given by: 

C = 3,810 Vt/M . dVi c.c./sec. (1-8) 

where T is temperature in oK, M is molecular weight of the 
gas, D and 1 are diameter and length of the pore in cm. 
Assuming that the pellet size is approximately 1 cm. the 
diameter of the pore to be of the order of 10 micron, it 
can be shown with the help of equations (1-7) and (1-8) 
that the pressure inside the pellets should be at least 
10 mm in order to allow flushing of CO and GO 2 out of the 
pellet into the evacuated chamber. If that is so, then the 
gas phase cannot be ignored in their experiments. Hence 
it is very doubtful whether the investigations^ 
could at all measure the rate of the solid-solid reactions 


as ouch. 
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On the other hand, it may be stated here itself 
that there are a number of evidence in support of the 
contention that the overall reduction takes place via 
reactions (1-2) and (1-3), whenever a gaseous medium is 
present. These will be evident from the discussions in the 
following sections. Here a mention may be made of the 
experiments by Baldwin^ ^ , who passed nitrogen over a 
heated bed of iron oxide and coke, and found that the rate 
of removal of oxygen decreased as the flow rate was 
increased. The possible explanation is that nitrogen was 
flushing out 00 and COg formed, thus diluting their concen- 
trations and decreasing the rates of gas-solid reactions. 

This could not have happened if the reaction was a solid- 
solid one . 

Since it seems to be fairly well established as 
will be evident later that the carbon reduction takes place 
via reactions (1-2) and (1-3) in the presence of a gaseous 
environment, such as in industrial processes, the kinetic 
features of the two component reactions (eqn. (1-2) and (1-3)) 
will be presented first and then the carbon reduction shall 
be taken up. 

WS KIHETICS OP REDUCTION OP IRON OXIIES BY CARBON MONOXIDES 

Numerous fundamental investigations have been 
carried out in the past two decades on the kinetics of 
reduction of iron oxides by hydrogen'' in comparison 
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much less data are available on reduction by CO due to the 

problem associated with deposition of carbon through the 

reaction: 2C0(g) = G02(g) + C(S) during investigation. 

Table 1.1 presents the important experimental 

conditions of some fundamental investigations of the kinetics 

of reduction of iron oxides by 

It should be noted that some of the investigators 

studied the reduction kinetics of FeO. Both single pellet- 

('iQ 22 2A-) 

cum-thermobalance technique^ as well as packed bed 

(20 21 ) 

systems were employed^ ’ The particle size ranged 

anywhere from a fraction of a millimeter to 4 centimeter. 

The temperature ranged from 700°C to 1300°C and both CO as 

well as mixtures of CO and CO 2 were employed . However it 

must be emphasized here that all these are somewhat scattered 

studies. There is a definite need for comprehensive 

investigations in this area. 

At low flow rates of CO or CO-COg mixture the 

rates of reduction were found to be dependent on the gas 

(20-22 ) 

flow rate and increased with increasing flow rate' , 

till there was no more influence. At this stage, reagent 
starvation as well as mass transfer in the gas phase has 
insignificant influence on the reduction rate. 

For reduction of iron oxides and ores by hydrogen, 
the equation: 

1 - (1 - f)V3 ^ 


Kt 


(1-9) 
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has been found to be widely obeyed, especially in the middle 

( 25 ) 

ranges of the reduction curves^ . Here f denotes fractional 

reduction , t is time from beginning of reduction 

( 26 ) 

and K is a constant. McKewan^ ' interpreted it in terms of 
rate-control by slow chemical reaction at the Fe-Pe 0 inter- 

-X 

( 27 ) 

face. However, it was shown later by Warner as well as 

( 28 ) 

Olsson and McKewan^ ^ that mass transfer steps are also 

fairly slow and the reduction is a case of mixed control 

kinetics. Spitzer, Manning and Philbrook^^^* later 

analytically proved that equation (1-9) is expected to be 

approximately obeyed in iron oxide reduction even if all 

transport steps as well as the chemical reaction step 

simultaneously control the rate. Also it appears to be 

immaterial whether the pellet is porous or dense as long as 

topochemical pattern of reduction is maintained. According 
( 31 ) 

to Ross it has been found to be obeyed even when the 
reduction is completely internal. 

Therefore, it is worth while to examine whether 
equation (1-9) is obeyed by CO reduction or not. Pig. 1.2 
shows the data of some workers plotted this way. 

Prom the straight line plot it can be said that 
equation (1-9) is generally valid even for CO reduction of 
iron oxides. 

Por chemical control, K of eqn. (1-9) should be 

inversely proportional to the diameter (d ) (in general, 

^ (18) 

size) of the specimen. This was observed in some cases^ , 
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( 21 ) 

but Bickenese and Clarke found it to be independent of 
d . Microstructural observations revealed completely 

Jr 

internal reduction due to porousness and smallness of the 
particles. In such a case individual grains of the particles 
have access to gas and themselves behave as tiny particles, 
thereby making the reduction rate independent of particle 
size . 

(17) 

Bor hydrogen reduction also e 3 q>erimental data'' ' 
point out that time for certain fractional reduction is 
independent of d for completely internal reduction, 

Jr 

proportional to d for limiting mixed control and proportional 

Jr 

2 

to d for diffusion in porous iron. To which case a 

Jr 

situation shall belong to depends, amongst other things, on 
the size of the pellet. 

This conclusion can be strengthened by noting the 

( 25 ) 

findings of the following investigations. Kawasaki et al' 
employed large porous pellets of Be 20 ^ (dia 1.8 cm - 4.2 cm), 
and found the rate to be controlled by diffusion through 
the porous product layer. They also observed stagewise 
reduction, although it was not accompanied by typical breaks 
in the rate curves as one would normally expect. 

Khalafalla^^^^ found a marked promoter action of 
impurity oxides on the reduction of small ^'' 620 ^ particles 
(-4 mesh to +5 mesh) by CO. The extent of reaction rate 
enhancement was proportional to the ionic radius and 
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electronic charge of the promoter additiTe. This points 
out to chemical control, 

(22) 

Walker and Carpenter' ’ found that addition of 

GOg to CO decreased the rate of reduction of I'e20^ remark- 

( 2 ^) 

ably. Bickenese and Clarke' , in their experiments on 
reduction of sjmthetic and natural PeO, using IJ 2 and CO 
mixture found this to contain an appreciable percentage of 
CO 2 and, therefore, considered its likely influence. They 
could fit their rate data with the following equation: 

[1 - (1 - f)''/^/t = [4.3 exp(- X [ — 3 (1-10) 

e - 

where C is the concentration of CO 2 at the metal-oxide 

interface and C^ is the concentration of CO 2 at equilibrium 

with Pe 0 and iron. Compliance with equation (1-10) implied 

that reaction (1-5) is a first order, reversible one. 

( ’52) 

Chufarov et al found CO 2 to have quite a retarding effect 

on reduction of Pe^O^ and PeO by CO and expressed the 
influence of gas composition as: 

n 

rate = K Pco/PcOg (1~11) 

This type of equation is to be found if CO 2 is preferentially 
adsorbed at the surface of the oxide thus blocking the 
number of bare surface sites. Further investigation is 
required in this area. 
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Activation energy of the reduction process has 
been obtained in two ways. In the first approach, a rate 
equation like equation (1-9) or (1-10) has been derived and 
then the constant K has been expressed as an Arrhenius -type 
equation, as exemplified by equation (1-10). Alternatively, 
the rates have been determined from the slopes of the 
pet. reduction vs. time plots at constant f at various 
temperatures and the temperature dependence of the rate 
fitted with Arrhenius-type equation. The values of activation 
energy were variously found as 8.5 K.cal/mole^"* 13.9 
K.cal/mole*'^’'^ 33-50 K.cal/mole^^°\ Khalafalla^^^^ found 
an unusually large activation energy (33-50 K.cal/mole) for 
reduction of coarse and crystalline PeO and Pe^O^. He 
attributed it to a large negative heat of adsorption of CO 
on the oxide surface. However, they could not adequately 
substantiate this point. 

It is recognized that t;l;ie reduction process is 

complex. Such complexity arises from various sources. The 

product layer is porous and the diffiAsion process through 

the pores is influenced by the pore texture, which again 

depends on many factors. In addition, considerable swelling 

of pellets, even to the extent of 10 times the original 
f 33 ^ 

volume ^ has been observed. Cracking during reduction, 
especially in dense specimens, recrystallization of reduced 
iron layer and presence of unreduced oxide islands add to 
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the complexity further. Fo wonder that the temperature 

dependence of reaction rate as well as occurrence of rate 

maxima and minima as found by various investigators are 

( 15 ) 

full of controversy^ However, experiments under controlled 

(19 2A) 

conditions have shown ’ that reduction by CO is 5 to 7 
times slower as compared to that by Hg, 

1-3 KINETIC ASPECTS OE GASIFICATION OF CARBON BY CAHBON 
DIOXIDE 

Because of the importance of this reaction, there 

have been nmerous investigations over the past several 

decades, and investigators arrived at many divergent 

conclusions. Therefore, this brief review will be based on 

(34-39) 

some recent analysis on the subject . , 

Cokes, carbon and synthetic graphites are highly 

0 

porous with pores ranging from about 10 A to several microns 
in diameter. The kinetic steps involved are gas film 
diffusion, diffusion through pores and chemical reaction at 
gas-solid interface. It has been established that the 
chemical reaction is exclusively rate controlling below 
11000C, if the size of the graphite particle is not too 
large (diameter less than 1 cm.). Such a conclusion has 
been arrived at from evidences, such as high activation 
energy (80-90 K.cal/mole), and strong influence of solid 
and gaseous impurities even in trace quantities. For 
chemical reaction control, the entire internal pore surface 
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area should be active and the rate of loss of carbon should 
be proportional to the volume of the particle. Turkdogan 
et al^ found it to be valid for particle diameter less 
than 1 cm. 

B 7 the very method of manufacture, carbon comes 
out with infinite spectrum of structural imperfections and 
surface defects. Again some solid inorganic materials, 
moisture, Hg etc. catalyze or inhibit the reaction strongly 
even if they are present in ppm. level. Regarding rate and 
mechanism of this reaction these were the sources of 
discrepancies in the past. Most authors ^ have found 
that the rate of the reaction can be represented by an 
equation of the form; 


rate 


^1 PCO2 

1 + Kg Poo S ^COg 


( 1 - 12 ) 


The first step in the reaction is the formation 
of a surface oxide, C(0), on an active free site (G^) at 
the surface: 

V 

COp(g) + 0(0) + CO(g) ( 1 - 13 ) 

^ k-1 


The second step is the breakdown of the surface oxide to 
form gaseous GO leaving a new active site behind: 


G(0) 



C0(g) + G^ 


m-2 


(1-14) 
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Treatments of non-catalyzed reactions axe modifi- 
cations of Langmuir-Hinshelwood mechanism of surface reaction. 
Two mechanisms ha-ve been proposed to accoimt for the inhibi- 
ting action of CO. In one mechanism, CO is assumed to adsorb 
reversibly on the active sites blocking them off. In the 
second mechanism, adsorption of CO has been assumed to be 
negligible and the retardation is stated to be caused by the 
reversible nature of reaction (1-13). The latter is more 

supported now-a-days because amongst other evidences the 

( 37 ) 

chemisorption of CO has been shown to be negligible . 

The mechanism, proposed by Turkdogan and co-workers , who 

explained the inhibiting action of CO in terms of chemisor- 
ption of CO, is at variance with the above. 


A number of other rate equations have been 
(34) 

proposed giving different order of dependence on Pqq and 

(36) ^ 

Pqq . lor example, Turkdogan and co-workers''^ found the 
following: 

1/2 

(a) rate o< Pqq in absence of CO 

(b) rate (Pco “ ^CO ^ smaller values of p^^ 


in presence of CO, and 


( c ) rate 


- p ® )V2 

fooj) 


at larger values of 


in presence of CO . It can be seen that these are not too 
different if the equation (1-12) is suitably simplified. 


Eao and Jalan 


(38) 


have harmonized the apparently divergent 


conclusions and have shown the validity of equation (1-12). It 
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may be pointed out here that the rate decreases enormously 
with increase of percentage of CO in the gas. The rate of 
gasification with pure CO 2 at 1 atm. has been found to be 
two orders of magnitude compared to a gas of SO^ScO-IO^^COg 
at 90000.^^*^^ 

Por an equation, such as (1-12), there can be no 
simple activation energy. However such energ;ies have been 
determined by investigators employing simple rate equations. 
The value is mostly between 80-90 K.cal/mole at 850-1 100°C^^^^ 
for' pure graphite. In the presence of catalyst it has been 
found to be as low as 15 K.cal/mole, 

Specially relevant to sponge iron making is the 

marked catalytic effect of metallic Pe even at very low 

concentrations. This has been reported by a nixmber of 
(34 36) 

investigators, ’ The rate has been fomd to be enhanced 

even by a factor of 300 for graphite. The activation 

(35 ) 

energy also goes down considerably. Walker and co-workers^ ^ 
carried out magnetic susceptibility studies and found that 
iron is an effective catalyst only when it is present as 
metallic iron, mixed with a little PeO. ■ Oxidation to I'e^O^ 
and destroys the catalyst action. However, it can be 

again regenerated in a reducing atmosphere. The explanation 
pul? : forward contends that oxygen transfer at the graphite 
surface is enhanced by alternate oxidation of Pe and 
reduction of PeO, The catalytic activity is helped by 
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mobility of oxygen on the metal surface. BTi and Co also 
exhibit similar catalytic action. 

The time-dependence of gasification rate is a 
complex phenomenon. The size of the particle shrinks. 

Pores get more and more enlarged. New pores open up as a 
result of which the pore surface area can increase even by 
a factor of The impurities start concentrating on 

the surface as a result of "burn-off" of carbon. Therefore, 
the rate measurements ought to be done during the initial 
period only. Turkdogan and co-workers found that the 
rate of weight loss was constant during the first 20 pet. of 
gasification and was proportional to the initial weight. 
Therefore, specific rate constant may be written as; 

K = (dw/dt)/W^ (1-15) 

where Wo is the initial weight, 

lastly, in many cases such as large particles and 
tiny pores, high temperature etc. pore diffusion may be 
partially controlling the reaction rate and cannot be 
ignored. This would be indicated if rate is proportional 
to square of diameter and would in effect lower the activa- 
tion energy considerably. 



22 


1-4 EX]PERIMENTS OF EEDUCTIOF OE IROF OXIDES BY CARBOF IF 
GASEOUS EFVIROFMEFT 

Several studies had been done in the past, but the 

ones of fundamental importance are mostly of recent origin 

and have been conducted by taking intimate mixtures of iron 

oxide and carbon particles ^ . Just from the weight 

loss of such a specimen it is not possible to find out the 

fractional reduction directly, since the weight loss is due 

( 8 ) 

to loss of oxygen and carbon both. Rao'' ' attempted to 

separate these two theoretically with the help of the rate 

equation for solution loss reaction proposed by lurkdogan 
( 42 ) 

et al,^ However, the approach suffered from some 
objectionable assimiptions, notably constancy of gas composi- 
tion with respect to time. On the other hand, Bickenese and 
Clarke^^^^ as well as Otsuka and Kunii^^^^ measured the 
quantities of gases evolved in conjunction with weight loss 
measurement- Ghosh and Tiwari^'^'* ^ determined percentages of 
iron and carbon in the product. All investigators employed 
pure Ee20^ and C, except for Ghosh and Tiwari, who worked 
with Gua hematite iron ore and South Indian lignite coke . 

Otsuka and Kunii^^^^ found a change in rate at 
approximately 35 pet. reduction, which corresponds to the 
EeO stage (Eig. 1.3). They also measured quantities of CO 
and GO 2 evolved as a function of time by flushing with 
nitrogen and using gas chromatograph. The change in gas 
composition as reduction proceeds is shown against 
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composition in equilibriinri with various oxide mixtures (Pig» 
1.4). It is evident that the gas was not reducing enough to 
allow formation of metallic Pe at the early stage. 

The first stage was accompanied by a high activation 
energy (55-75 K.cal/mole). Prom this it was concluded that 
the rate -controlling step was the gasification reaction 
(equation (1-3)). -A-s mentioned before activation energy 
values obtained by various investigations of the latter 
reaction^^^"^^^ differed and ranged between 80-90 K.cal/mole 
for uncatalysed reaction and down to 15 K»oal/mole for 
strongly catalysed reaction. Even the high activation energy 
definitely points out that the rate -controlling step is 
gasification, because the activation energy for CO reduction 
of oxides is much lower (13 K.cal/mole). 

Purther evidence were obtained by Otsuka and 
Kunii^^^^ in support of rate-control by gasification reaction 
for the 1st stage of reduction. The rate increased when the 
particle size of carbon was less. Similarly the rate was 
independent of the particle size of PegO^. 


On the other hand, the second stage was charac- 
terized by a low activation energy (15-23.5 K.cal/mole). 

The rate increased when the particle size of Pe20j was 
decreased. Prom the above observations! it would appear that 
in the second stage (PeO — >Pe) the ral|| was controlled 
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there were evidence against this conclusion as noted below: 

(a) The actual gas composition (T’ig. 1.4) was very close 
to that corresponding to PeO/Pe equilibrium. 

(b) Lower particle size of carbon also enhanced rates. 

Therefore, Otsuka and Kunii proposed that the rate 

in the second stage was accelerated in the presence of 

metallic Pe which has been found to be a good catalyst for 

( ) 

the gasification reaction- . Their contention derives 

further support from the following observations; 

(a) The rate at the second stage was accelerated 
if the rate of the gasification reaction was accelerated 
too, inspite of the fact that CO content of the gas was 
higher. This points out to catalysis. 

(b) An increase in pelletizing pressure increased 
the rate in the second stage pres-umably due to better contact 
of metallic Pe with graphite and better catalytic action. 

This was held as the explanation for the enhancement of 

rate by lowering the particle size of Pe20^, since that could 
lead to better contact. 

(c) When the particle size of both ^'62^3 ^ 

were simultaneously altered there was no change in rate. 

The lowering of activation energy was very large 

(approx. 40 K.cal). However there are instances of such 

(xq) 

lowering due to impurity effects^ . 

( 8 ) 

Rao^ ' also found a high activation energy of 
the overall re|iction. Lowering of particle size of carbon 
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enhanced the rate. In addition the presence of Si02 
mixture enhanced the rate and FeS retarded it. It is known 
that these two compounds behave the same way for the gasifi- 
cation reaction (1-3). Hence it was concluded that the rate 
of overall reaction was controlled by that of the gasification 
reaction. 

Ghosh and Tiwari^^"'^, in their studies on Gua iron 
ore found all phases, viz. I'e20^, Pe^O^, PeO, Pe to be 
present in the partially reduced pellets. Activation energy 
was determined as 18.7 K.cal/mole between 56-91 pet. reduction 
Although the authors inferred a slow reduction step from 
this, it has to be recognized that this feature has similarity 
with the second stage of Otsuka and Kunii^^^^ and may be 
a case of Pe-catalyzed gasification reaction. 

Prom the above studies as well as the work of 
(14) 

Baldwin there seems to be no doubt that the rate of 
carbothermic reduction is controlled by the rate of the 
gasification reaction (eqn.(1-3)). Ihe catalytic effect of 
metallic Pe is also very likely. However the studies have 
been made only with powdered mixtures of oxide and carbon 
in intimate contacts and suffer from the following 
uncertainties: 

(1) Ill-defined size and geometry. 

(2) Unknown factors such as catalytic effect of Pe on 
gasification reaction. 
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Moreover such studies cannot predict rates for 

situations where the ore size is much larger than the size 

( 2 ^) 

of the reluctant. Bickenese and Clarke' ' did find some 

influence of the size of the oxide on the rate. Mathematica]. 

description of such an assembly (powdered mixture) poses a 

problem too. Therefore, at best qualitative informations 

only can be obtained from such studies. 

Bones, Reeves and Saunders found that during 

CO reduction of iron oxides, carbon was deposited within the 

pores and interstices of ore granules and it was confirmed 

( 4 '.’ ) 

by later workers.' This can conceivably be imagined in 
the mixed pellets as well since metallic Pe is a good catalyst 
for it.^^^^ This effect can substantially alter the detailed 
interpretations of experimental data. It is not out of 
place here that care is to be exercised to examine its 
influence on carbon monoxide reduction too. 

1-5 METHODS OP MEASUREMENT 

The indices of instantaneous reaction rate were 

chosen as; 

1. Rate of removal of oxygen from the ore/oxide 

2. Rate of gasification of carbon. 

It was planned to determine both of these with 
the help of the following measurements. 

1 . Measurement of the gas evolution rate at intervals of 
time during the course of the reaction by sensitive 
capillary flowmeter. 
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2. Determination of the composition of the gas evolving 
at intervals of time during the course of the reaction 
with the help of a solid electrolyte oxygen sensor. 

The gas that comes out of the reaction chamher 
would consist of CO and CO 2 . 


Q _ Qqq + Qqq^ 


( 1 - 16 ) 


Where Qqqj Qqq and Q are volmetric flow rates of CO, CO 2 

and total gas respectively. 

• • • 
Hence knowing Q and gas composition, Qqq and Qqq 

i! 

can be estimated separately. Prom stoichiometry 


Wq = 16 (Qqq + ^*^00 ^ (Conversion factor) 

( 1 - 17 ) 

• • 4 

Wq = ^^(*^00 ‘^ 002 ^^^°^''^®^®^*^^ factor) 

( 1 - 18 ) 


• « 

where Wq and Wq denote rate of weight loss of oxygen and 
carbon respectively. 


1-5.1 Determination of Gas Composition by Solid Electrolyte 
Oxygen Sensor 

The conventional methods of determining gas 
composition are by using a gas chromatograph or an orsat 
apparatus. However recently a very versatile and accurate 
method has been evolved, which utilizes a solid oxide 
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electrolyte cell. As this is much more rapid aud hence 
convenient for determining gas compositions instantaneously 
it was decided to use the same for the present investigation. 
Many reviews are available on this topic Only a 

brief presentation of the principles of the method will be 
given below. 

A solid electrolyte cell is a galvanic cell 
consisting of a cathode at one end and an anode at the other 
with a ceramic solid electrolyte in between. The galvanic 
cell must be so. designed as to eliminate all the side 
reactions. The emf (E) of such a cell can be related to the 
free energy change ’ G' of the reaction of interest by the 
relationship : 

aG = - ZEE (1-19) 

where Z = number of Earadays of electricity to be passed 
across the cell to effect the reaction and E is a Earaday. 

The conduction of electricity across the electrolyte must be 
all ionic. The presence of even a small electronic contri- 
bution to the conductivity will give rise to internal short- 
circuiting. This will disturb the thermodynamic equilibrim 
existing at the electrode-electrolyte interface. 

Galcia-stabilized zirconia (CSZ) has almost 
100 pet. ionic conductivity at the operating temperatures 
of common interest. The oxygen ion is the conducting 
species. 
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1-5.1. Principl e 

The solid electrolyte cell used for measuring the 
oxygen potential in the gas phase may be written as follows: 


Pt, Sample gas 

^^2 ’ ^ Og ■ 


Solid oxide 
electrolyte 

(0^") 


The emf of the cell is 


Reference gas , Pt 
o 

Po 

^2 ’ P '02 


E - - - P-o^)AP (1-20) 

“ ( 1 - 21 ) 

Here, means the chemical potential of oxygen and 

2 ^2 
is the partial pressure of oxygen. R and T are respectively 

the Universal gas constant and the absolute temperature. 

Superscript o indicates the reference state. If the oxygen 

in gases behave nonidealy the pres siire terms must be replaced 

by fugacities. 


1 - 5.1 .2 


or 



Estimation of ,Gas Composition from p^. Measurement 

^2 

The oxygen sensor determines oxygen potential (p^ ) 
If the gas mixture is that of CO and CO 2 , then 


Po, 




K 


( 1 - 22 ) 
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where K is the equilibrium constant for the reaction: 

2C0(g) + 02 (g) = 2C02(g) 

The highest oxygen concentration through dissociation of CO 2 
is about 4 x lO” at 1500°K. p_ is still lower at lower 

U2 

temperature. Therefore the mixture can be considered to 
contain only CO and CO 2 . 

The Pq measured by the sensor at constant CO 2 /CO 
ratio would depend on the measurement temperature, because 
K is a function of temperature. 

Co 

1-5. 1.3 Advantages and limitations of the Oxygen Sensor 
A. Advantages 

(1) Bmf response of a S.E. cell is usually specific, rapid 
and continuous. 

( 2 ) Emf measurement can be made directly in or with the 
system to be investigated without disturbing the 
system at large. 

( 3 ) A single sensor can often cover wide ranges of oxygen 
potential and temperature. 

( 4 ) Sensor output (i.e. the cell voltage) is amenable to 
high precision measurement. 

( 5 ) The meter draws very little current and, therefore, 
hardly disturbs the system. 
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(6) It is versatile and, in principle, applicable to any 
phase for oxygen analysis since it measures oxygen 
potential specifically. 

B. Limitations 

(1) If the electrolyte has electronic conductivity this 
will lead to transfer of oxygen from high p^ to low 
p^ side . The error due to this is more serious at 
high temperature than at low temperature. 

(2) The sensor cannot be vised below a certain temperature. 

(3) The solid electrolyte tube is very sensitive to thermal 
shocks . 

1-6 PLM OP THE WORK 

The literature review reported in Sections 1-1 to 1-5 
reveal that some fundamental work on powder mixtures of iron 
oxide and carbon have been carried out. These studies do 
not sufficiently reveal the kinetics of the actual reactions 
taking place in a rotary kiln where the ore is in the foim of 
pellets. Also due to the catalyzing effect of iron on the 
gasification reaction, it is difficult to predict the 
influence of the individual reaction stages on the overall 
rate from these studies. Therefore it was decided: 

(1) to investigate the reaction rate between Pe oxide 
pellet and carbon powder to simulate rotary kiln. 



a. to separate the- oxide pellet and carbon physically. 

b. to study the influence of distance of separation 
as well as temperature and porosity of the pellet 
on reaction rate . 

Since for proper interpretation, instantaneous carbon 
loss rate, oxygen loss rate as well as gas compositions 
during the course of reaction are desirable, it was 
decided to employ capillary flow meter and oxygen sensor 
for measurement (see Section 1-6). 

In order to arrive at percentage reduction and to cross 
check with experimental weight loss, it was planned to 
resort to numerical integration of instantaneous rates 
using digital computer. 

Since it is a fundamental study, it was decided to 
employ pure ^'©2^3 pure graphite for this purpose. 

In order to make the investigation more comprehensiye 
and for better correlation, the following, auxilliary 
investigations were also planned. 

a. determination of graphite reactivity 

b. rate determination using powder mixtures of oxide 
and carbon 

c. examination of partially reduced pellets. 

On the basis of the above considerations, it 
decided to do the following: 
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(1) To design and fabricate a reaction cell assembly with 

available materials to contain ^'©2^3 graphite 

powder at controlled but variable distances of separation. 
The cell is to be a closed one with a tiny opening only 
in order to prevent interference from surroundings. 

(2) To study reaction kinetics of ^620^ powder and graphite 
powder mixture as well as to determine graphite 
reactivity. 

(3) To set up solid electrolyte cell assembly and sensitive 
flowmeters for measurement of rates. 

(4) To study the reaction kinetics of porous and dense 
pellets of PegOj with graphite kept in separation at 
different temperatures and distances of separation. 

( 5 ) To study the reaction kinetics of powder mixtures of 

and graphite as well as mixture of micro-pellets 
of Pe202 graphite powder at different temperatures . 

( 6 ) To study the gasification reaction of graphite with 
pure CO2 as well as mixture of GO and CO2 at different 
temperatures, 

( 7 ) To make a computer programme 5 for calculation of gas 
composition and instantaneous rates from the data on 
emf and' flow measurements, as well as to determine 
the integrated weight loss. 

( 8 ) To interpret the data thus obtained. 
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CHAPTER 2 
APPARATUS 

The present invest igation included three sets of 
experiments , The principal set concerned with study of the 
reaction kinetics between Pe 20 ^ pellet and graphite powder. 

The apparatus for this study had provision for varying the 
distance of separation between the oxide pellet and graphite. 
Experiments on powder mixture of ^© 2*^3 graphite as well 
as pellet-graphite mixture were conducted in a different 
apparatus. Graphite reactivity was determined first by 
employing the former set up and then employing the latter one. 

2-1 APPARATUS EOR STUDYING REACTION KINETICS BETWEEN Pe^O, 
PELLET AND GRAPHITE POWDER' ^ 

The set up used has facility for controlling the 
distance of separation between the oxide pellet and graphite 
powder and is shown schematically in Pig. 2,1. It consists 
of a furnace, reaction chamber, reaction cell and a solid 
electrolyte tube. 

2-1.1 Purnace 

A Kanthal-wound vertical furnace of 50 cm. length 
was used for heating the reaction chamber. The temperature 
of the furnace was controlled by a Leeds and Northrup 




FIG. 2-1 EXPERIMENTAL SET UP FOR PELLET-GRAPHITE REACTION 
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model 6260 Electromax solid state controller actuated by a 
Pt/Pt-10 pet Rh themocouple. A constant temperature zone 
of about 5 cm length could be obtained at the centre of the 
furnace . 

2-1.2 Reaction Chamber 

A few trials were made in the beginning with a 
small crucible containing graphite powder with tSie J’CgOj 
pellet placed on top of the crucible. This arrangement 
suffered from two main disadvantages . 

(1) The reaction chamber enclosing the reaction cell consisted 
of a 5 cm i.d. and 30 cm long quartz tube. Because of 
this the dead space was very large. 

(2) Provision for measurement of gas composition could not 
be provided. The cell design was modified to reduce the 
dead space in the reaction chamber. The reaction cell 
was kept in a graphite crucible of about 3.6 cm i.d. 

A quartz tube, 22 cm i.d. and 3.6 cm long, was joined 
to a 5 mm i.d. and 40 cm long quartz tube by blowing. 

This was used to cover the reactants, kept in the 
graphite crucible. The annular space between the quartz 
tube and the graphite crucible was filled with a low 
melting alloy of copper and silver. This prevented the 
gas leaking from the bottom of the quartz tube . 
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The main disadvantage with this arrangement was 
that the gas composition could not be determined instantane- 
ously using a solid electrolyte tube. 

The next attempt was made with a 30 cm long fused 
quartz tube closed at one end. The tube was fixed on to a 
brass flange using silicone sealant. The arrangement of the 
graphite powder and iron oxide pellet remained the same as 
before. A 12 mm o.d. CSZ tube was introduced from the top 
for instantaneous measurement of gas composition. The rate , 
of gas evolution was determined at intervals using a sensitive 
capillary flow meter. 

The main drawback with this set up was the 
frequent breakage of the quartz tube because of devitrefi- 
cation and the large empty space of the reaction tube. Thus 
it was decided to use an inconal tube closed at one end as the 
reaction chamber. Also the reaction cell was modified so that 
the product gases escaped through a small outlet. One problem 
with inconel could have been carbon deposition. But it was 
found to be negligible in subsequent trials. 

Big. 2.2 shows the details of the reaction chamber. 
It consists of a 22 mm o.d., 19 mm i.d. and 26 cm long 
Inconel tube. One end of this tube was closed with a 3 mm 
thick inconel plate by argon arc welding. The bottom portion 
of the tube was chamfered and the plate was force-fitted 
into the tube so that about 2 mm of the plate was inside 
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the tube. This ensured complete sealing of the whole thick- 
ness of the tube during arc welding and preTented any chance 
of leakage. The other end of the tube was brazed onto a 
water-cooled brass flange. The inlet and outlet for the gases 
were provided by drilling holes through the top flange. 
Purified N 2 gas was taken to the bottom of the reaction 
chamber by means of a 2 mm i.d, stainless steel tube. The 
outlet gas was taken out through a bubbler containing di-butyl 
phthalate. 

The Inconel reaction chamber was surrounded by a 
fused quartz tube closed at one end and fixed on to the flange 
by silicone sealant. The annular space between the Inconel 
tube and the fused quartz tube was flushed with IT 2 • This 
prevented oxidation of the Inconel tube at high temperature 
as well as leakage of oxygen into the reaction chamber by 
diffusion through the walls of the Inconel tube. 

2-1.3 Reaction Cell 

Pig. 2.2 shows the details of the reaction cell. 

The reaction cell consisted of an Inconel 
crucible of 17 mm i.d. and 18 mm o.d. The crucible was made 
from a 22 mm o.d. and 16 mm i.d. Inconel tube. The bottom 
of the crucible was made from a 3 mm thick Inconel plate. 

The tube was first machined to exact inner dimensions and 
the outside was chamfered to give a thickness of 0.1 nim at 
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the tip where the bottom plate was force-fitted. The joint 
was sealed by argon arc welding. The outside of the crucible 
was then machined to exact dimensions. 

The lid of the crucible was made by joining together 
two 3 mm thick Inconel plates by riTets. A 3 mm hole was 
drilled at the centre of the lid for inserting alumina tube 
into the cell. Threads were provided on the lid as well as 
the interior of the crucible in order to close the crucible 
tightly and to ensure that no gases leaked through it. Two 
hooks were rivetted onto the lid for introducing the cell into 
the reaction chamber. 

An alumina crucible, 15 mm i.d. and 17 mm o.d. and 
2.6 cm long was placed inside the cell for containing the 
graphite powder. The pellet was kept on top of the alumina 
crucible. The distance of separation between the pellet and 
graphite was varied by using' varying amounts of powder 

at the bottom of the crucible. Fe 20 ^ pellet had a hole of 
3 mm dia at the centre. An alumina tube of 3 mm o.d. was 
introduced through the central hole of the lid of the Inconel 
cell and through central hole of the Fe 20 ^ pellet into the 
alumina crucible. Another alumina tube of 1.5 mm o.d. was 
inserted through the 3 mm o.d. alumina tube. The latter 
tube served as the outlet for gases (CO, COg) to escape. 
Because of the small cross-section of the outlet tube the 
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flow of reaction gases from the cell to the surrounding was 
expected to be restricted so that an almost ideal closed 
cell could be realised. 

2-1.4 Solid Electrolyte Tube 

Eig. 2.2 shows the detailed arrangement. A solid 
oxide electrolyte tube was employed for measuring CO/CO 2 
ratio in the gas comming out of the reaction cell. The 
principle and salient features of the solid electrolyte 
technique has been briefly reviewed in Chapter 1. Eig. 2.2 
shows the arrangement of the solid electrolyte tube inside 
the reaction chamber. The reference electrode was air. The 
solid electrolyte was a 12.5 mm o.d. calcia stabilized-- 
zirconia (GSZ) tube. 

Contact between the electrolyte and electrodes 
were established by coating the inner and outer surfaces of 
the bottom of the tube with platinum paste (Engelhard Fo- 6926). 
The inner cylindrical wall of the tube was covered by a long 
roll of paper and paste was applied at the bottom with a long 
brush. The tube was slowly heated to a temperature of about 
9000 c for sintering the paste and to obtain a coating of 
platinum on the surface of the tube. Three layers of paste 
were applied and the heating and cooling were repeated.. A 
surface resistance "of about 0.5 ohms could be obtained. 
Electrical continuity of the platinum coating was checked. 
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Electrical contact between tbe platinised surfaces and the 
measuring instrument were made by employing platinum wires as 
lead. 

A good contact was ensured by making large beads 
at the tips of the lead wires. The beads were then hammered 
so as to obtain a flat surface. After cleaning the surfaces 
by boiling in concentrated hydrochloric acid for about 2 
hours, these were annealed and made to press against the 
platinised surfaces of the CSZ tube. The platinum wire used 
for the interior of the solid electroljrte tube was introduced 
through a thick alumina sheath. The bottom of the sheath 
rested on the platinum bead. A 0.5 Kg weight was fixed on to 
the alumina sheath with the help of a screw. The weight 
helped to make a good contact between the flat bottom of the 
platinum wire and the platinxim coated surface of the CSZ 
tube by applying sufficient pressure on the contact surfaces. 
The CSZ tube was introduced into the reaction chamber through 
a tubing coupling joint. It rested on a 10 mm o.d. and 5 mm 
long alumina tube, which again was placed on the lid of the 
reaction cell and surrounded the 5 mm alumina gas outlet 
tube of the reaction cell. Contact between the flat portion 
of the platinum wire and the platinum coated outside bottom 
surface of the solid electrolyte tube was ensured because 
it was resting on the alumina tube , This arrangement 
helped in exposing the electrolyte to the gases as soon as 



45 


the latter came out of the reaction cell. This arrangement, 
therefore, allowed reliable monitoring of the instantaneous 
composition of the gases coming out of the reaction cell. 

2-2 GAS PUEIPI CATION TEAIU 

Purified nitrogen gas freed from oxygen and 
moisture was employed for maintaining an inert atmosphere in 
the reaction chamber while the furnace was being slowly 
heated to the reaction temperature. Nitrogen was also used 
for flushing the annular space between the Inconel reaction 
chamber and the surrounding fused silica tube. 

2-2.1 Nitrogen Purification Train 

Pig. 2.1 shows the arrangement, JJitrogen was 
passed through a bubbler and a capillary flow meter where the 
volumetric flow rate of the gas was registered. The outlet 
of the flow meter was connected to a .nichrome wound copper 
gauze furnace kept at 500°C, where the bulk of the oxygen 
present in the gas reacted with copper turnings. The gas 
subsequently entered a tower filled with anhydrous CaCl 2 for 
removal of moisture and was then passed through a furnace 
at 2000C containing BTS reduced catalyst (BASF, Germany) 
for the removal of any trace of oxygen remaining. This 
catalyst contains finely divided copper on a suitable porous 
base. Because of the high specific surface area it can 



efficiently absorb oxygen at a much lower temperature range, 
viz., I 500 G to 200° C . The nitrogen coming out of the BTS 
catalyst furnace entered another tower filled with anhydrous 
CaCl 2 . In connection with measurement of graphite reactivity 
this gas was again passed through another BTS reduced catalyst 
furnace and then through a U-tube containing anhydrous 
magnesium perchlorate for the removal of any further trace 
of oxygen and moisture. The outlet of the U-tube was 
connected to a three-way stopcock. The gas to the reaction 
chamber was taken straight from the three-way stopcock 
through rubber tube connection to the stainless steel inlet 
tube. Nitrogen for purging the annular space outside the 
reaction chamber was taken from the three-way stopcock 
through a bubbler. This arrangement was alright because 
nitrogen flow was maintained in the reaction chamber while 
heating only and used for maintainance of inert atmosphere 
in the annular space at the reaction temperature. 

The set up is shown in fig. 2.1. 

2-2.2 Carbon Dioxide Purification Train 

Carbon dioxide obtained comerc daily in cylinders 
contained some oxygen. Purification of carbon dioxide was 
made by passing it through copper turnings kept in a 3 cm 
i.d. mull it e reaction tube held at 500°C. 
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Carbon dioxide from the cylinder was first passed 
through a flow meter for measuring the flow rate. The out 
let from the flow meter was connected to an anhydrous CaCl 2 
tower. The exit end of the CaCl^ tower was connected to 
the mullite tube containing copper turnings. After removal 
of oxygen and moisture the gas was passed through a U-tube 
containing anhydrous magnesium perchlorate for removal of 
any moisture that might have been left. 

2-3 APPAEATUS FOR STUDY OP REACTION WITH MIXTURE OP FERRIC 
OXIDE AND GRAPHITE POWDER 

Pig. 2.3 illustrates the set up. 

The gas. train described in Section 2-2.1 was 
employed in order to purify nitrogen used for flushing the 
reaction tube as well as the solid-electrolyte cell. 

Unlike the set up for study of pellet-graphite 
reaction (Section 2-1), here the reaction assembly and the 
solid electrolyte tube were in separate furnaces. The solid 
electrolyte set up was the same as described in Section 
2-1.4. Therefore only the reaction assembly shall be 
described here. 

The reaction chamber was a 28 mm i.d. impervious 
mullite (McDanel Co., U.S.A.) Oombustian tube 40 cm long 
with another 20 cm long narrow tube of 5 mm i.d. at one end. 
A water-cooled brass flange was fixed on to the wide end 
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of the tube with the help of silicone sealant. The chamber 
was made gas tight by an ’O' ring kept between the inner and 
outer flanges. A coupling tube of 22 mm i.d. was brazed on 
to the outside flange through which a 22 mm o.d. quartz 
pusher tube could be introduced. The quartz pusher tube was 
joined to a 6 mm i.d. quartz tube, running throughout the 
length of the pusher tube and sealed at the exit end, for 
introducing purified nitrogen in to the reaction chamber. 

A hook was provided at the pushing end for holding the 
crucible which contained the powder mixture. By using the 
22 mm o.d. quartz tube for introducing the specimen the 
empty space- in the reaction chamber could be reduced subatan- 
tially. As indicated earlier, this is an essential precau- 
tion in order to minimize measurement lag. 

It was expected that the gases comming out of the 
reaction chamber would be at a high temperature (perhaps a 
few hundred degrees centigrade). As polyethene tubing will 
not withstand this temperature the outlet gas was first 
passed through a 6 mm i.d. water-cooled copper tubing. The 
copper tubing was brazed onto the 10 mm water-cooled brass 
tubing coupling. The outlet of the copper tubing was 
connected to a glass T-joint. One end of the T was taken 
to the solid electrolyte chamber throu^ a two-way stopcock 
by polythene tubing of 5 mm i.d. The thermocouple used 
for measuring temperature inside the reaction tube was 
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taken out through the other end of the f-joint. Silicone 
sealant was employed for sealing this end of the joint. 

The reaction tube was heated in a horizontal 
'Globar’ rod furnace of 40 cm long. The reaction tube, 
pusher tube etc. were properly supported. 

2-4 SET UP POP GRAPHITE REACTIVITY STUDY 

Graphite reactivity was studied by passing purified 
carbon dioxide over a thin bed of graphite powder loosely 
pressed inside an alumina crucible. Investigations were 
first carried ..out using the set up described in Section 2-1 . 
This was to simulate the conditions of the reduction experi- 
ments . Reactivity studies were subsequently carried out 
employing apparatus described in Section 2-3. A few 
experiments were also done to determine the reactivity of 
graphite in a GO/COg mixture. 

2.4.1 Graphite Reactivity Study Using the Apparatus 
Described in Section 2-1 

Pig* 2.4(a) shows the details of the apparatus. 

A 26 cm long Inconel tube constituted the reaction chamber 
for carrying, out the reaction between graphite and purified 
carbon dioxide, A 12 mm o.d. transparent quartz tube 
introduced through. the tubing coupling joint served as the 
inlet of carbon dioxide for the reaction chamber. The gas 
was passed, at a rate of 2.5 litres per minute . The 




FIG. 2^4 SET UPS FOR GRAPHITE REACTIVITY STUDY 

(a) Vertical furnace (s*ec 2-1) 

(b) Horizont 0 i Globar furnace (sec 2- 2) 
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positioning of the inlet quartz tube was adjusted so as to 
allow heating of carbon dioxide to the reaction temperature 
by the time the gas reaches graphite surfaces. A Pt/Pt - 
10 Pet Rh thermocouple was introduced through the holes 
provided on the top flange in order to measure the temper- 
ature inside the crucible containing graphite during the 
course of the reaction. The hot junction of the thermocouple 
was about 1 cm inside the crucible. 

2-4.2 Graphite Reactivity Study Using The Apparatus 
Described in Section 2-3 

Experiments were made using this set up at various 
reaction temperatures. The major change in the set up was 
that the quartz ciucible holding the graphite pellets were 
kept at a distance of about 10 cm from the tip of the inner 
tube of the pushing rod. This prevented chances of the 
graphite being blown off when carbon dioxide for reaction 
was sent in through the inner tube at a high velocity. A 
10 mm dia. nickel wire was tied on to the hook of the 
pushing rod. The silica crucible was held on a ring made 
at the end of the wire. A shallow fused quartz crucible, 

6 mm deep, was employed for holding the graphite. The 
shallow crucible was meant to prevent any lag in the 
diffusion of carbon dioxide to the graphite surface. 

Eig. 2.4(b) shows the modification made in the 

set up. 
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2-4.3 Graphite Reactivity Study Using CO/GO 2 Mixture 

The apparatus described in Section 2-1 was used 
for this study. The GO/CO 2 mixture was generated by passing 
carbon dioxide at a low velocity on to the surface of the 
graphite powder. Some modifications were made for ensuring 
the quick supply of carbon dioxide to the graphite surface. 
These are shown in Rig. 2.4c. 

The composition of the GO/CO 2 mixture was 
determined using the solid oxide electrolyse described in 
Section 2-1.4. A 1 cm thick I 4 mm o.d. and 2 mm i.d. 
alumina tube with a constriction at the centre was used to 
support the GSZ tube. The constriction at the centre was 
utilized for tying nichrome wire around it for hanging the 
crucible containing graphite powder on to the solid electrolyte 
tube. The graphite powder was taken in a 10 mm high, 1 5 mm 
o.d. round bottomed silica crucible blown from tube. The 
alumina ciucible described earlier was used to support the 
fused quartz crucible. 

Rour pieces of silica rod cut to 19 mm length 
were tied together and kept on the silica crucible.. The 
alumina tube supporting the GBZ tube rested on top of this . 

It was expected that the gas mixture generated as a result 
of reaction of carbon dioxide with the graphite would 
primarily escape through the central hole of the alumina 
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supporting tube. As the thermocouple bead used for contact 
with the gaseous electrode and electrolyte for emf measurement 
was kept on the top side of this hole the gas composition 
was supposed to be the same as that at the graphite, surface. 
Supply of carbon dioxide to the graphite surface 
rather than to the electrolyte tube surface was ensured 
because of the slight bend towards the Inconel tube wall 
giyen to the tip of the stainless gas inlet tube. About 
8-10 grooves were made along the thickness of the almina 
supporting tube for further ensuring the supply of carbon 
dioxide to the graphite surface . 

2-5 SET UP POP MEASUREMENTS 

The following measurements were made during the 
reduction experiments. 

(a) Emf of the solid electrolyte cell 

(b) Temperature of the reaction cell 

(c) Plow rates of CO and CO2 generated as a result of 
reaction. 

The set up used for measurement of emf has been 
explained in Section' 2-1 .4. 

2-5.1 Temperature Measurement 

Pigs. 2.3 and 2.5 illustrate the arrangement of 
the thermncnuples in the two reaction set ups lased. 




I Thermocouple bead 

2 Pt-wire 

3 Pt~!0% Rh wire 

4 Pt~coating 

5 Alumina support 

6 Hook with hole 

7 Nichrome wire knot 

8 Nichrome wire 

9 Nichrome wire ring 

10 Incone I lid • 

11 Inconel cell 

12 Pellet 

13 Alumina crucible 

14 Alumina tube 

1 5 Al umino tube 

16 Inconel chamber 

17 Silica tube 

!8 Alumina sheath 
19 CSZ tube 

20 Silicone sealant 

21 'o' ring 

22 Tafflon tube 

23 T hermocoup le 

24 Cooling coil 

25 Tubbing coupling 

26 Graphite powder 

27 Control thermocou 


ULS OF THERMOCOUPLE ARRANGEMENT 
et- Graphite system) 


56 


Temperature measurement in the reaction tube shown 
in fig. 2.3 was made by using a Pt/Pt~10 Pct.Rh themocouple; 
The hot junction of this thermocouple was placed above the 
crucible carrying the reactants. The furnace temperature in 
this case was maintained constant by supplying a constant 
stabilized voltage. 

In the set up described in Section 2-1 , temperature 
was measured using two sets of thermocouples both made from 
Pt/Pt - 10 Pet. Rh wires. Pig. 2.5 illustrates the arrange- 
ments. One of the thermocouples was kept outside the 
reaction chamber and in between the mullite furnace tube and 
the silica tube covering the reaction chamber. The other 
thermocouple was kept inside the reaction chamber and 
immediately above the reaction cell. The latter had a large 
flat bead which served both as hot junction for temperature 
measurement and as contact between the gaseous electrode and 
the electrolyte for emf measurement. 

The outside thermocouple was connected to the 
temperature controller (Section 2-1 . 1 ) whereas the inside 
thermocouple was used for measuring instantaneous temperature 
during the course of the reaction. 

2-5.2 Set Up for Measurement of Plow Rates of Gases 
Generated During Reduction Reaction 

Capillary flow meters were designed and 
fabricated to measure flow rates of the product gases of 
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reaction. Reaction rates in the experiments with graphite 
and Pe 20 ^ pellet kept in separation were much less compared 
to those with the powder mixtures of and graphite. 

The flow meter designed for these experiments could measure 
flow rates of about 1 cc per minute veiy accurately. 

A 2,5 meters long and 1 mm bore capillary tube was 
coiled by glass blowing. A 22 gauge nichrome wire was 
introduced through the capillary so as to reduce the cross- 
section of the latter. This helped to make the flow meter 
more sensitive. The capillary coil was kept immersed in a 
thermos flask containing water. This was done in order to 
minimize irreproducibility in measurements resulting from 
thermal convection in the capillary at such low flow rates. 
Temperature of the water bath was measured with a thermometer. 

The capillary was connected to a manometer with 
dibutyl phthalate as the liquid by polythene tubing. The 
flow meter was calibrated with nitrogen. Viscosity correction 
for CO/CO 2 gas mixture were made while computing flow rates. 

The second capillary used for measuring the flow 
rates in reaction studies on powder mixtures was made in a 
similar manner as described above, the only difference being 
that the latter was designed to measure higher flow rates 
(80 cc per minute maximum). 

The outlet gases from the solid electrolyte 
chamber was taken to the flow meter through a bubbler. 
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The bubbler was used to prevent air from the atmosphere to 
enter into the reaction chamber. 

2-6 SOLID ELEGTEOLYTE CALIBEATIOF SET UP 

The solid electrolyte tube used for monitoring 
the instantaneous gas composition was calibrated using a 
hydrogen-water vapour mixtirre. The set up was similar to 
the one used by Basu^^^^ for gas equilibration experiments. 

A mixture of hydrated and anhydrous oxalic acid was 
chosen for generating controlled hydrogen-water vapour 
mixture. The hydrated acid decomposes as shown in equation 
( 2 - 1 ). 

(C00H)2 . 2 H 2 O = (C00H)2 + 2 H 2 O (2-1) 

The equilibrium partial pressure of water vapour 
(pjj q), which the ambient gas in contact with the mixture 

2 ( 51 ) 

develops, was determined by Baxter and Lansing as a 
function of temperature as: 

Ph^O (mm) ^ 18.053 - ^ +^250 ’ 

273.2 T 323. 2°E (2-2) 

A.R. Grade oxalic acid dihydrate was mixed with 
10 Pet. anhydrous oxalic acid in a porcelain mortar. The 
mixture was ground to a fine powder and filled inside a 
series of glass U-tubes compactly blown together into one 



assembly. This assembly was subsequently placed inside a 
constant temperature water bath.. The temperature of the 
water bath could be controlled, to +0,1 °C using a mercury 
expansion relay. Inside the water bath the temperature 
remained uniform throughout because of mechanical stirring. 
Oxygen and moisture free hydrogen gas was passed through 
this U-tube and the resulting H 2 O/H 2 mixture was introduced 
into the solid electrolyte chamber via a three-way stop cock. 
Depending on the temperature of the water bath, the hydrogen 
gas flowing through the moisture generator develops a 
definite water vapour partial pressure. 
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CHAPTEE 3 

EATEEIAIS AED EXPEEIMBETAI. PEOCEEUBE 

Preparation of materials used for the reduction 
experiments as well as for graphite reactivity and the 
procedure involved in the experiments are discussed under 
two main headings. 

5-1 MATEEIAIS PEEPAEATION 

3-1.1 Starting Materials 

The following basic raw materials were used in 
the experiments. 

Eerric Oxide (EepO,) ; Eisher certified reagent grade, 

^ Eisher Scientific Go., TJ.S.A. 

Graphite ; low ash, graphite electrode 

(imported) 

Oxalic Acid Bihydrate 

((COOH )2 . 2 H 2 O) : Analytical reagent grade, British 

Drug House, Bombay, India 

3-1.2 Preparation of Eerric Oxide Powders and Pellets 

Eerric Oxide powder was first dried in an oven 
at 150®C for 48 hours and screened to -325 mesh size using 
a sieve shaker. As it was found that the fine particles 
of Eerric Oxide stick to the surface of the screen, the 
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procedure followed was to put ceramic balls of about 6 mm 
size into the sc teen along with iron oxide powder during 
screening. The balls subjected the screen to impact and 
vibration. The ceramic balls were first cleaned in water 
and then in acetone. They were then heated to 2500C for 
48 hours. The screen used was cleaned in water using 
Fisher Ultrasonic Cleaner, U.S.A.,then dried in the oven for 
24 hours and finally cleaned with acetone. 

A steel die and punch assembly was fabricated to 
prepare ferric oxide pellets. The ferric oxide powder of 
-325 mesh size was mixed thoroughly using an agate mortar and 
pestle. Samples weighing 2.5 grams each were packed in paper. 
Each paper packet was kept in the moisture oven for 8 hours. 
Pellets were then made from each sample,. This modified 
procedure was followed as it had been found in the initial 
trials very difficult to remove the pellet from the die after 
it was pressed. The presence of moisture in the fine ferric 
oxide powder made it stick to the surface of the die. 

The die had an internal bore of 18.5 mm. The die 
size had to be exact as the fired pellet had to be bigger 
than 15*3 imn and smaller than 17 mm. This restriction on 
the size of the pellets was necessary in order to make them 
sit properly on the top of the aliuaina crucible containing 
graphite powder placed inside the inconel reaction cell. 
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A few pellets were made in the beginning without 
a hole at the centre. As it was difficult to collect gas 
samples from the inner space between the oxide pellet and 
graphite powder, it was decided to make pellets with holes at 
the centre. Thus the die design was modified accordingly. 

A 2 mm dia. 6 mm thick elevated portion was machined at the 
centre of the bottom plimger. The top plunger had a central 
hole of 2.5 mm dia drilled through and through. 

A hydraulic press operated by hand was used for 
pressing the pellets. The pressure applied was 3000 psi. 

The plunger was taken out slowly by applying gentle pressure 
so as to avoid breakage. Pellets were removed from the die 
plunger using a sheet of paper and transferred on to a 
10 cm X 10 cm zirconia plate. About 12 pellets wore made at 
a time and fired in a Globar muffle furnace. The furnace was 
heated slowly to the firing temperature and held there for 
2 hours and then slowly cooled. Firing temperatures of 925°0 
and 1100°C were chosen for making porous and dense pellets 
respectively. Rate of heating and cooling of the furnace was 
600C to 70^0 per hour. 

A 3 mm drill bit was used for imparting the 
final size to the central hole. Then the pellet surface 
was cleaned with acetone. It was not possible to make 
holes on the dense pellets using a drill bit as the pellet 
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was very hard and brittle. A round diamond file was employed 
for this purpose. The pellets were stored in a desiccator. 

3-1.3 Preparation of Small Spherical Pellets of Perric 
Oxide 

Small amounts of -325 mesh particles of ferric 
oxide were taken in a watch glass and mixed with distilled 
water using a stainless steel spatula. Portions of the 
moist ferric oxide was picked up at the tip of the knife. 
Small amounts were taken from this and pellets were made by 
hand. An alumina boat containing the pellets was kept at 
the low temperature zone of a horizontal tube furnace for a 
few hours and then slowly introduced into the hot zone kept 
at 925°G. After firing the pellets for two hours the 
alumina boat was slowly withdrawn to a lower temperature 
zone and cooled to room temperature. 

3-1.4 Preparation of Graphite Powder 

A 5 cm dia. graphite rod was machined on a lathe 
for making coarse graphite powder. Precautions were taken 
to avoid contamination from the machine. This was then 
ground to finer sizes using a porcelain mortar and pestle. 

The fine graphite powder was next screened to - 200 + 230 
mesh size using USS screens, and stored carefully. Magnets 
did not reveal inclusion of iron particles. 
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3-1.5 Preparation of Graphite Pellets 

Graphite reactivity studies were made using 
graphite powder as well as graphite pellets. 

-200, +230 mesh graphite powder described in 
Section 3-1.4 was used for making pellets. Pellets weighing 
about .S grams each were made in a 20 mm die at a pressure 
of about 50 psi. These pellets were kept in the oven for 
drying till constant weights were obtained. Each pellet 
was broken to three or four pieces and these pieces were 
used for reactivity study. 

3-1.6 Preparation of Powder Mixture of Ferric Oxide and 
Graphite 

Twentyfive grams of ferric oxide and 10 grams of 
-200, +230 mesh particles of graphite were mixed thoroughly 
in a glass dish, and then mixed further in an agate mortar 
and pestle. This mixture was then carefully transferred; 
into a glass bowl so as to avoid any segregation of graphite 
and ferric oxide and then stored in a desiccator. Small 
samples were taken from the powder mixture and pellets were 
made at approximately 50 psi pressure. The pellets were 
then broken into smaller pieces and used for studies. 
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3-2 EXPERIMENTAL PROCEDURE 

There were three main sets of experiments 
concerning the following. 

(i) Reaction between ferric oxide pellet and graphite 
powder with known distances of separation between 
them. 

(ii) Reaction of powder mixtures of ferric oxide and 
graphite , and 

(iii) Reactivity of graphite powder. 

These are discussed below separately. 

Calibration of the solid electrolyte tube is 
discussed in another separate heading. Some experiments 
were also performed on the Identification of phases in the 
reduced sample. A discussion on this also has been included. 

3-2.1 Experiments with Separated Ferric Oxide Pellet and 
Graphite Powder 

The set up is illustrated in figs. 2.1, 2.2 and 

2.5. 

Porous pellets of iron oxide with a 3 mni central 
hole were prepared and stored in a desiccator as described 
earlier. One pellet was taken out from the lot and the 
diameter and thickness were measirred at different locations 
using a Vernier callipers. Average of these values were 
tak^n as the real dimensions. The pellet was then kept in' 
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an oven for 8 hours in order to remove any moisture that 
might have been picked up by it while handling. It was 
cooled in a desiccator and weighed in a single pan semi- 
micro balance . 

The 3 mm o.d. alumina tube containing the 1.5 mm 
o.d. alumina gas outlet tube was introduced through the 
central hole of the pellet, length of the alumina tubes 
were determined according to the distance of separation 
between the graphite surface and the pellet so as to give a 
clearance of about 1 to 2 mm between the top surface of 
graphite and the tip of the alumina tube. The other end of 
the alumina tube projected out through the central hole 
provided in the Inconel lid of the reaction cell. The tube 
was held tightly by the lid by making clearance between the 
tube and the hole in the lid of the reaction cell as small 
as possible. Weight was determined again with the lid, 
alumina tube and the iron oxide pellet in position. 

Graphite powder kept in the bottle was mixed well 
and about 10 grams were taken on a clean watch glass, and 
kept in an oven for 24 hours for removal of moisture. The 
watch glass along with the graphite was then cooled in a 
desiccator. 

A recrystallised alumina crucible (15.3 mm i.d . ) 
was- cleaned and heated in the oven to remove moisture 
adhering onto the surface. After cooling it inside a 
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dGsiccator "the weigh.1] was determined in semi— micro balance. 

The moisture free graphite was taken out of the 
desiccator and mixed well. About 1.5 grams of this was 
taken out, weighed and then transferred into the weighed 
alumina crucible carefully so as to avoid any segregation of 
the particles as well as adherence of graphite onto the 
walls of the crucible. The graphite in the crucible was 
mixed well using the stainless steel knife so as to ensure 
uniform distribution of the graphite particles throughout. 

A brass rod machined to give a good fit inside 
the crucible was employed in order to press the graphite 
powder in the crucible uniformly. Any loose particles of 
graphite remaining in the crucible was removed by tilting the 
same. Graphite particles adhering to the surface of the 
crucible was removed by using a piece of cotton wet in acetone. 

The brass rod used for pressing the graphite had 
a piece of graph paper pasted along its length and covered 
by cellophane tape. This helped in finding out the level 
of graphite surface inside the crucible accurately. 

The alumina crucible with the graphite was kept 
in an oven for a few hours again and after cooling in a 
desiccator the weight of the crucible and graphite was 
determined by semi-micro balance. The alumina crucible 
was then placed inside the moisture free Inconel crucible 
of the reaction cell. This assembly was then weighed 
accurately. 
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The lid of the Inconel crucible holding the 3 mm 
alumina tube and iron oxide pellet was screwed into the 
Inconel crucible containing the alumina crucible with 
graphite. Vertical positioning of the pellet on the alumina 
tube was such that the pellet rested on the alumina crucible 
when the lid was tightened. 

Two pieces of 22 gauge nichrome wires were tied 
on to the two hooks provided on the lid of the Inconel 
reaction cell. The wires were insulated from electrical 
contact with the platinised surface of the solid electrolyte 
tube with 1.5 mm o.d. alumina sheath. A 6 mm long and 9 mm 
dia alumina tube was placed on the lid surrounding the gas 
outlet tube as support for the CSZ tube. 

The solid electrolyte tube (platinised and tested 
for electrical continuity as described in Section 2-1 ) was 
inserted through the tubing coupling. Next the tubing 
coupling was tightened so as to tightly hold the solid 
electrolyte tube in position. The top flange with the solid 
electrolyte tube was then held firmly by the holder above the 
furnace described in Section 2-1. Assembling of the cell 
etc. were done in this position and is described below. 

A Pt/Pt - 10 Pet Rh thermocouple with a large 
bead at one end served as thermocouple as well as the lead 
for emf measurement. The thermocouple was annealed a,nd 
standardised against a standard Pt/Pt - 10 Pet Rh 
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thermocouple supplied by Engelhardt Inc,, U.S.A. Thermo- 
couple wires were insulated by 1. 5 mm o.d. alumina sheaths 
which were taken out of the reaction chamber through holes 
in the top flange. I .5 mm o.d. teflon tubes were used as 
insulation against electrical contact between the thermocouple 
wires and the brass flange. The alumina sheaths covering 
the thermocouple wires were tied firmly on to the solid 
electrolyte tube with 22 gauge nichrome wire. 

Reaction cell with all the fixtures was hung from 
the solid electrolyte tube and tied firmly to it using a 
32 gauge nichrome wire. The reaction chamber was cleaned 
well by acetone before each experiment. Solid electrolyte 
assembly was then introduced in to the reaction chamber and 
the two flanges were screwed tightly. The holes on the 
flange with teflon tube insulation and thermocouple wires 
were sealed using silicone sealant. The reaction chamber 
with the reaction cell and the solid electrolyte set up was 
then flushed with purified nitrogen at the rate of about 
10 cc per minute. Heating rate of the furnace was controlled 
by controlling the voltage input to the furnace. Great 
care was exercised in heating the furnace as the solid 
electrolyte tube was liable to crack at high heating rates. 

The rate was kept within 50 °C per hour for this reason. 

A capillary manometer was connected to the gas 
outlet tube and temperature of the capillary thermostat was 
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r© corded, Fitirogen flushing of the reaction chamber was 
continued till the furnace reached a temperature of about 
800 °C . After that the flow was diverted to the annular 
space outside the Inconel tube only. 

Thermocouple wires coming out of the reaction 
chamber were taken to the cold junction thermostatic bath 
using compensating load wires, and emfs were measured by 
millivolt potentiometer (model 8686 Leeds and -Forthrup). 

The temperature, the emf of the solid electrolyte 
cell as well as the flow rate of product gases from the 
reaction chamber were monitored at intervals of five minutes 
or 15 minutes. In the beginning when the reaction rate as 
well as the gas composition changed rapidly measurements were 
made at intervals of 5 minutes. Later on when the reaction 
rate as well as the gas composition became steady the time 
interval for measurements were 15 minutes. 

After the reactions were over which was indicated 
by the virtual cessation of flow of the CO/COg gases, cooling 
was started under flowing nitrogen at a rate of 5OOC to 
per hour. 

After the chamber had cooled to room temperature 
the solid electrolyte assembly was taken out and himg from 
the holder, fixed above the furnace, as mentioned earlier. 
Reaction cell was detached from the solid electrolyte tube 
and the Inconel lid was removed slowly by unscrewing. The 
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pGllBlj WQS d.G"tQ.ch.©d from "th.© ©lumins. 131113 © ©nd w©igh.sd. In 
cases where the pellet was sticking it was weighed with 
alumina tub© and the latter was then weighed separately. 

Inconel crucible with alumina crucible and 
graphite was weighed. Then the alumina crucible along with 
graphite was taken out of the Inconel crucible and weighed 
again* Graphite was pressed using the brass rod and the 
leyel was determined. 

The dimensions of the iron oxide pellet after 
reaction were measured using a Vernier callipers. 

Carbon deposition is a problem in studies of this 
kind. Her© it was not expected much due to presence of 
appreciable concentration of COg in CO. This was verified 
by visual inspection as well as weighing of Inconel crucible 
and reaction chamber and was found to be negligible . 

3-2.2 Studies on Powder Mixtures of Perric Oxide and 
Graphite 

The experimental arrangement is shown in fig. 2.3. 

About 2 to 3 grams of the mixture explained in 
Section 3-1 .5 was taken on a clean watch glass and mixed 
thoroughly using a stainless steel knife. This was then 
carefully transferred to a 15.3 nim i.d. moisture free and 
weighed alumina crucible so as to avoid any segregation of 
iron oxide and graphite. After mixing the mixture thoroughly 
once again inside the crucible it was pressed by hand using 
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a brass rod which fitted tightly inside the crucible and 
kept in an oven for a few hours. The crucible with the 
powder mixture was removed from the oven and cooled in a 
desiccator. Weight of the powder mixture along with the 
alumina crucible was then determined using a semi -micro 
balance . 

Globar furnace was heated to a constant temperature 
by a constant supply of stabilized voltage. The quartz 
pushing tube discussed in Section 2 was held in position 
using a stand support for introduction into the mullite 
reaction tube. Alumina crucible with the powder mixture 
was tied on to the hook of the pusher tube. The pusher tube 
alongwith the cruciblo was then introduced into the reaction 
tube through the tubing coupling. The crucible was kept in 
the low temperature zone of the tube and the tubing coupling 
was tightened. Purified nitrogen was passed through 
reaction tube at about 20 cc per minute. The nitrogen came 
out of the tube at the other end which was connected to the 
solid electrolyte chamber. Gas from the solid electrolyte 
entered into the capillary and then escaped to the atmosphere. 

After passing nitrogen for about 10 minutes the 
tubing coupling was loosened and the pusher tube with the 
alumina crucible wris slowly pushed to the end of the 
reaction chamber. Temperature of the reaction tube, and 
solid electrolyte chamber were measured. The emfs and flow 
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rates wore monitored. The measurements were continued at an 
interval of either 2 minutes, or one minute. At low temper- 
atures the reaction rates were slow and thus the measurements 
were taken at 2 minutes intervals. At high temperatures the 
measurements were done at one minute interval as the rate 
of reaction was fast. 

End of the reaction was judged by the cessation 
of gas evolution as indicated by the flow meter. The pusher 
tube along with the reaction crucible was then withdrawn to 
the colder region of tho reaction tube and held for about 
half an hour. Nitrogen flow was started and inert atmosphere 
maintained during cooling. The reaction tube was opened and 
tho ciucible with contents were weighed accurately. Total 
weight loss of the reactants were obtained from the difference 
of tho initial and final weights. 

3-2.3 G-raphite Reactivity Studies 

Grraphite reactivity was determined with three sets 
of experiments , 

Set I : With graphite powder in pure carbon dioxide using 

the vertical furnace and set up described in Section 
2-4 and fig. 2.4(a). This was done so as to 
simulate the experimental arrangement for pellet/ 
graphite reaction studies. ■ 
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Set II ; With thin pellets of graphite in pure carbon 

dioxide in the horizontal Globar furnace described 
in Section 2~4 and fig. 2.4(b). These studies 
were taken up due to the irreproducibility of 
results of experiments in Set I. 

Set III: With graphite powder in OO/GO 2 mixture using the 
set up shown in fig. 2.4c. 

3-2. 3.1 Reactivity Study Using Pure Carbon Dioxide •- Set I 
Room temperature studies were conducted with a 
CO 2 flow rate about five to six times larger than that of 
the actual flow rate in order to check whether there was 
any ejection of graphite due to the high velocity of C 02 * 

The distance between CO 2 outlet and graphite surface was kept 
the same as that in actual experiment. The distance of 
separation was 10 cm. Weight of graphite before and after 
passing carbon dioxide was determined using the Aisenworth 
semi-micro balance. The weight remained 

the some at room temperature even when the gas flow was 
continued for 20 minutes. This ensured that the graphite 
was not being blown off during reaction by the high 
velocity COg. 

About 10 grams of -200, +230 mesh graphite 
powder was taken in a glass dish and kept in the ovoh till 
constant weight was obtained. 0.2 to 0.3 gram samples of 
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this wore taken in an alumina crucible, of 15.3 mm i.d. , 
previously heated for constant weight. The graphite was 
pressed inside by hand with a brass rod. The crucible 
carrying graphite was supported by a nichrome wire basket and 
was tied to the silica tube used as CO 2 inlet . The reaction 
chamber was heated under purified nitrogen and temperature 
measurements were made using a Pt/Pt - 10 Pet Ih thermocouple 
placed at a distance of about 1 cm from the graphite surface. 

Pure QOg was introduced into the reaction chamber 
through the 12 mm silica tube whose tip was kept 5 cm above 
the graphite surface. The rate of CO 2 measured at room 
temperature was about 2.5 litres per minute. Carbon dioxide 
was passed for about 5 to 10 minutes. After stopping the 
flow of COg} nitrogen was passed at a rate of about 1.5 
litres per minute for a few minutes so as to flush out all 
the residual CO 2 present inside the reaction chamber. 

Cooling of the furnace was also started side by side. A 
nitrogen flow of about 200 cc per minute was continued till 
the furnace was cooled to room temperature. The crucible 
was taken out and the weight determined using a semimicro 
balance. The difference between the weights before and 
after the reaction was divided by the reaction time to 


determine the rate. 
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3 -2. 3. 2 React iYi ty Study Using Pure Carbon Dioxide - Set II 

Due to the irreproducibility of the results in 
set Ij it was decided to conduct the experiments in flowing 
.carbon dioxide in a horizontal furnace. The main drawback 
of the experiments , in set I was that the GO 2 gas was not 
flowing across the sample. Also the presence of the inconel 
chanber could adversely affect the reaction. 

Rigs. 2.3 and 2.4b show the experimental set up. 

A shallow silica crucible about 1 cm in depth and about 
20 mm dia. held the graphite pellets. The pellets were 
prepared under very low pressures as discussed in Sec. 3-1.5. 
The pellets were broken and a few pieces vyere taken for 
each experiment. The broken pellets along with the silica 
crucible were heated in the moisture oven till constant 
weight was obtained. A 16 gauge Nickel wire with a ring at 
the end for holding the silica crucible was tied on to the 
book of the pusher tube. About 5 cm length of the wire 
was extending out from the tip of the pusher tube. This 
arrangement was necessary for preventing the blowing off 
of the graphite pellet by the high flow rate of COg- As the 
reaction tube was much. bigger in dia. (35 mm) as compared 
to the passage of the pusher tube, the velocity was not 
sufficient to blow off the graphite particles kept at 
about 5 cms from the exit of the control tube. 
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The crucible along with the graphite was kept at 
a low teiaperahure zone of the furnace first and purified 
nitrogen was passed to flush out the entrapped air. The 
crucible was then pushed to the constant temperature zone 
of the reaction furnace. The reaction chamber was then 
connected to the gas train by means of the three way stop 
cock. The flow rate of carbon dioxide was maintained at 
about 2 litres per minute. At the end of the period of 
reaction the chamber was flushed with nitrogen. The 
crucible was pulled out to the cooled zone of the fDtaj'nace 
and kept in the nitrogen atmosphere till the sample was 
sufficiently cool . The reaction chamber was then opened 
and the crucible was taken out, kept in a desiccator and 
weighed afterwards. 

Experiments were carried out at three temperatures 
mainly. Four experiments were done at each temperature. 

3-2. 3 . 5 Granhite React iwitv in CO/CO^ Mixture - Set III 

A few experiments were conducted in CO/CO 2 
mixture. They were done in the set up described in Sec. 2-1 
with the modifications shown in Eig. 2 . 4 c, 

Shallow silica crucibles of about 1 cm height 


and 12.5 mm dia. were made. Tour silica rods 3 mm dia. 
and 12.5 mm long were fastened to the top of the crucible. 
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The crucible along with the graphite pellets weighed 
accurately was then, fastened to the alumina crucible described 
earlier (Sec, 2-~1,4). This was then tied on to the CSZ tube 
as explained earlier (Secs. 2-1.4 and 3-2.1). 

The furnace along with the CSZ tube and the 
crucible containing graphite was heated slov/ly to the 
reaction temperature under purified nitrogen atmosphere. 
Purified CO 2 v/as introduced after the reaction temperature 
had been attained. 

CO/COg ratio was monitored by a solid oxide 
electrolyte cell. The ratio was kept constant by controlling 
the flow rate of COg • The reaction was continued for about 
10 to 20 minutes. After that 00^ flow was stopped and 
was introduced into the chamber. The f-umace was cooled 
under nitrogen atmosphere. The crucible with graphite was 
taken out and weighed for determining the reaction rate. 

3-2.4 Calibration of Solid Oxide Electrolyte Tube 

Calibration of solid oxide electrolyte tube was 
done by using a gas mixture of known oxygen potential. 

Hydrogen-water vapour mixture was used for this 
purpose. The set up has been described in Sec. 2-6. T^hen 
hydrogen is passed over a mixture of hydrated and anhydrous 
oxalic acid, the ambient gas picks up water vapour and 
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undST conditions tlio procoss stttains ©(juilibniuiii*., ■ 

Til© ©quilibriiini nolEt ions hip given by Baxten and Bansing • ^ 

log Pfi^o (nm) = 18.053 - , 

273.2 1 T < 323. 2 °K;. 

Therefore depending upon the temperature of the 
water hath, the hydrogen gas flowing through the moisture 
generator would develop a definite water vapour partial 
pressure . The HgO/H^ mixture thus generated was then passed 
through the inconel chambor containing the solid oxide 
electrolyte tube. Both the temperature and the EMB at the 
point of contact between the platinum lead wire and the 
solid oxide electrolyte surface, coated with platinum paste 
was recorded. The reference electrode was air. 

Two different oxygen potentials were maintained by 
using two bath temperatures . At each bath temperature the 
temperature of the CSZ cell was varied and EME recorded at 
several cell temperatures . 

3-2.5 Identification of Phases 

Attempts were made to examine the phases present 
in the partially reduced oxide pellets. As the pellets 
were very fragile it was found difficult to do micro - 
structural analysis. 
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layers of the pellet from the bottom, middle, 
perifery and top portions were taken out with the help of 
a diamond file and oxidised at about 850°C till constant 
weights were obtained. The difference in the weights of 
each layer before and after oxidation was taken as an 

indication of the extent of reduction and the , nature of the 
oxide phase . 
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CHAPTER 4 

RESULTS OH OXIDE PELLET-GRAPHITE POWDER REACTION 

Extensive calibration of the measiiring equipments 
had been undertaken. The results of these calibration shall 
be presented first. Amongst all the experiments carried out 
the principal series dealt with the situation vrhere iron 
oxide was in tablet form and some distance of separation was 
maintained between the oxide tablets and graphite powder. 

In addition several auxilliary investigations were 
also carried out in order to have a better understanding of 
the reaction. In this chapter only the results of the 
principal series of investigation shall be presented. Those 
pertaining to the auxiliiary experiments shall be presented 
in the next chapter. 

4-1 CALIBRATION 

The micro voltmeter used for measuring the EMP of 
the solid. solia electrolyte cell, the capillary flowmeters 
employed foor measurement of the flow rates of the product 
gases, and the CSZ cell used for determination of composition 
of the evolved gases were calibrated. The results are 
presented here under separate headings. 
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4-1 . 1 MicroTOltmeter 

Tho micro voltmeter employed for measuring the EIIP 
of the solid oxide electrolyte cell was calibrated against 

potentiometer^ a s di s ouoo ed-a n Secti o n Calibration 

was done a number of times mainly for the range of EIP which 
was oncomtored in the present investigation. 

Linear least square data fitting technique was 
adopted to obtain the correlation between the voltage indicated 
by the microvoltmeter (7^) and the correct voltage as indicated 
by the potentiometer (V). The correlation is as follows. 

V = 1 .129 \ - 0.0594 (4-1) 

where the values are in volts. 

Figure 4.1 shows the calibration curve. 

4-1,2 Capillary Flowmeter 

Ihe capillary flowmeters discussed in Section 2-5.2 
wore used for measuring the flow rates of gases evolved during 
the reduction experiments. They were calibrated against 
nitrogen using a soap bubble meter. 

Linear least square lines were obtained correlating 
the flow rate of nitrogen (Q, co (NTP)/sec.) and the height 
of rise of the fluid in the open end of the manometer tube 
(mif cm.). The equations of the lines were: 
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for capillary Ho. 1: Q = 0.00555 x Ah - 0.000974 

(4-2) 

for capillary Ho. 2; Q = 0.04976 x Ah - 0.01061 

The capillary constants were calciiLated as shown 

below s 

^ ( 4 - 3 ) 

whero, A = capillary constant 

and p = viscosity of gas at the temperature of 

calibration, poise. 

Knowing ^ from oqn. (4-2) for the capillaries and 
noting that viscosity of nitrogen at the temporature of 
calibration (33°0) is 1.80 x 10""^ poise^^^'^ values of A were 
fomd out. These are given below. 

For Capillary Ho. 1: A = 8.550 x lo"*"^ 

Kor Capillary Ho. 2: A = 7.51 xlO^ 

These values of A were subsequently employed to 
find the flow rates of CO-COg mixtures according to the ■ 
procedure described later. 

4-1.3 Solid Oxide Electrolyte Cell 

The performance of the CSZ coll was checked against 
a known oxygon potontial, which was generated by passing 
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hydrogon over a mixture of anhydrous oxalic acid and oxalic 

acid dihydrato (Section 2-6 and 3-3.1), 

Two different oxygen potentials were geiierated by 

keeping the oxalic acid mixture at two different water bath 

temperatures. corresponding to each bath 

2 2 

temperature was calculated using the following empirical 

f S1 ) 

formula given by Baxter and Ians ing.^’^ '^ 


log Ppj^Q (mm, Hg) = 18.053 - 


9661 

T + 250 ’ 


273.2 < T < 323. 2°K 


(4-4) 


Since, q + Pjj = 760 mm. Hg 




(4-5) 


Ph q/Pji ratios obtained from eqns. (4-4) and (4-5) 
2 2 

were compared with those calculated from the EIP of the GSZ 
cell. The calculation procedure was as follows. 


2H.(g) + 0.(g) 


2H20(g), 


H 


(4-6) 


AG. 


'H 


RT In 


^2 


Er 


0. 


- 2.303 RT log 


(4-7) 



86 


Aa° 
H 


or, ^ log Pq^ = ____ + log 




(4-8) 


Again, 2.303 RT log = - ZPE 

"“a 


(4-9) 


where 


r 

^Or 


Pa of the reference electrode 
0,21 atm. for air 

Number of electrons taking part in the 
cell reaction 


T? 

£1 


Earaday's constant 

23j060 cals/ volt, gm, equiv. 

EME of the cell in volts 


or, 


log Pq^ 


20.159 


E 

T 


0.678 


( 4 - 10 ) 


Ihe values of E and T of the GSZ cell for these 

experiments are presented in table 4.1. Erom E and 1, p« 

^2 

were calculated with the help of the eqn. (4-l0). Putting 
these values of Pq in oqn. (4-8), were calculated, 

values were interpolated from the data given 


by Elliott and Gleiser 


(53) 


(table 4.2). 


Results of Ph 2 c /%2 (eqns. (4-4) and 

(4-5)) obtained from the empirical formula as well as from 
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Table 4.1 Performance of Solid Oxide Electrolyte Cell 
Reference electrode : air 

I low rate of Hydrogen = 25 to 30 cc per minute 


Serial 
No . 

Temp, 
of water 
bath, OK 

from 

ft 

formulae 

Temp, of 
CSZ cell 
°K 

EMP of 

CSZ cell 
volts'^ 
(corrected) 

from 

EME 

1 

318.8 

0.0156 . 

1193 

1.114 

0.0144 

2 

318.8 

0.0156 

1193 

1.114 

0.0144 

3 

318.8 

0.0156 

1242 

1.108 

0.0146 

4 

318.8 

0.0156 

1246 

1.108 

0.0146 

5 

318.8 

0.0156 

1246 

1.108 

0.0146 

6 

318.8 

0.0156 

1270 

1.103 

0.0153 

7 

318.8 

0.0156 

1271 

1 . 103 

0,0153 

8 

318.8 

0.0156 

1272 

1.103 

0.0155 

9 

322.8 

0.0207 

1265 

1 .087 

0.0207 

10 

322,8 

0.0207 

1263 

1 .089 

0.0200 

11 

322.8 

0.0207 

1208 

1 .095 

0.0199 

12 

322.8 

0.0207 

1206 

1 .095 

0.0199 


0 Pg 0 

— ^ calculated from (C00H)„.2H„0— (GOOH)^ equilibrium. 
PH <i. c 


* EMP values were read in microvoltmeter. These readings 
were corrected by considering calibration of micro voltmeter 
against potentiometer. 



Table 4 .2 aG-S Values for Pomiation of H_0 from and 

xj. 2 2 

Og at Various Temperatures 


t 

t 

Temperature { 

t 

i 

! 

1 ■ , 

cals/mole of E^O 

800 

-48,640 

900 

-47,350 

1000 

-46 ,030 

1100 

-44,700 

1200 

-43,360 

1300 

-43,360 

1400 

-40,640 
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C£ilcul8.1j3,ons using ijh.G EMF valuos of "bhe CSZ coll ai'o givon. 
in table 4.1. 

4-2 HEACTION OE OXIDE PEUIET WITH GRAPHITE POWDER IH 
SEPARATION 

Tbo sot up used for this investigation and the 
procedure adopted have been discussed earlier in Sections 2-1 
and 3-2.1, 

Rato of evolution of product gases of reaction was 
obtained from the difference in the manometer fluid levels 
of the capillary flowmeter (Ah) taken at intervals of 5 or 
15 minutes. Five minutes interval was chosen for the early 
stages of reaction when the change in rate was very rapid . 

As the reaction approached the steady state the change in 
gas evolution rate was sluggish. Then the readings were 
taken only at 15 minutes interval. 

Temperature (T) and EMP (E) of the GSZ cell were 
also noted almost simultaneously when the manometer readings 
wore taken. Those constituted the three basic data from 
which tho gas composition, instantaneous reaction rates and 
cumulative weight losses were calculated, 

A number of experiments were carried out using 
porous as well as dense iron oxide pellets and graphite 
powder. The experimontal conditions are given in table 4.3. 
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Tho pi'incipal variables were temperature and the distance 
of separation between the oxide tablet and graphite powder. 
Values of E, T and ah are reported in the Appendix AI as 
function of time (t). t was arbitrarily set at zero as soon 
as the rate was appreciable enough to be recorded. As will 
be seen later this choice does not affect interpretation of 
results significantly. Absolute value of t is not important. 

Iho raw results as such are not of much use. The 
nature of chaaege of B, T and ;Ah with time are ^own for one 
of the experiments in fig. 4.2 just for illustration 
purposes. 


4-2,1 Calculation of CO/COg Ratio in the Product Gas 

The ME of the solid oxide electrolyte cell (E) and 
temperature (T) were the data used for calculating the gas 
composition. Eree energy of formation of CO^ from 00 ( AG°) 
at various temperatures were interpolated from the data 
given by Elliott and Gleiser^'^^ . Original data are 
reproduced in table 4.4. 

The interpolation formula was: 

AG° ~ - 85,020 + 41 .4(T - 1200) cals/mole (4-11) 

0 

Procedure for calculation of OO/CO 2 ratio in the 
product gas is given below. It is based on the assumption 
of ©(luilibrium of reaction (4— 12) in the gas mixture. 
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Table 4.4 Free Energy of Eoimation of CO 2 , CO and Oxides 
of Iron at Various Temperatures 


Temperature 

OK 

1 

; CO 

Jcals/mole 

f 

1 

t 

.,n1 

cals/mole 

■^^0.947 

cals/mole 

cals/mole 

<303 

cals/mole 

800 

«43,680 

-94,540 

-34,800 

-124,800 

- 81 ,400 

900 

-45,820 

-94,580 

-33,600 

-118,900 

- 75,300 

1000 

-47,940 

-94,610 

- 32,400 

- 112,900 

-57,100 

1100 

- 50,050 

-94,640 

- 31,200 

- 107,000 

- 51 ,000 

1200 

- 52,150 

-94,640 

- 27,650 

-89,000 

- 32,900 

1300 

- 54,240 

-94,680 

-26,500 

-83 ,000 

-26,900 

1400 

-56,310 

-92,690 

- 25,300 

-77,000 

- 20,900 
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2.G0(g) + O^Cg.) 


SGOgCg) 5 


( 4 - 12 ) 


= - 2.303 RT log 


(4-13) 


Poo ' Pq, 


log Pq 


2.303 RT Pqq 


(4-14) 


SincG air was the reference gas, log Pp, were 

^2 

computed using eqn. (4-10) and then Pcq/Pco (i.e. the 

gas composition) determined with the help of eqn, (4-14). 
(Appendix AI present the gas composition). 


4-2,2 Estimation of Viscosity of Product Gas 


The calibration of capillaries by nitrogen yielded 
values of capillary constants (A). Prom eqn. (4-3), it may 
be noted that the determination of Q needs values of viscosity. 
The product gases wore a mixture of CO and COg. Viscosity 
of a gas mixture is a function of the individual mole 

(54) 

fractions. Tho following relationship given by Bird et al" 
was used for estimating viscosity of GO-CO 2 mixture. 



(4-15) 
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where , 



(4-16) 


— Mole fraction of species i in the mixture 
=: Molecular weight of species i 
p'i = Viscosity of pure species i 

Horo the gas mixture is a binary one consisting of 

CO and CO2 * Mqq *= 28 and a 44. and X^q corres- 

2 2 

ponding to flowmotor readings have already been calculated 
by the prooodm-e described in Section (4-2.1). 

Viscosities of pure CO and pure COg were estimated 
by the procedure given by Bird et Hence eqn. (4-15) 

may bo written in a simplified form as: 


**mix poise) = 
1^.802 X lO”""^ Pqq 

"^1 == pgp T 173SO '' p;^^^ 

1,520 X lO-"^ P(.Q 

^2 = Poo + 0.730 pj 

d 

Poo P0O2 


(4-17) 

(4-18) 

(4-19) 


are in atmospheres. 
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4-2.3 Inst ant cuieous Ratos of G■as"^^rolution 


By using the values of obtained from eqn. 

(4—1?) to (4—19) the flow rates of the product gas can be 
obtained using the following relation (see eqn, (4-3)) 

Q = A X cc (RTP)/see. (4-20) 

^iaix 


Also ^CO ~ Q • (R!I)B)/sec. (4—21) 

*^ 00 ^ ^ ' ^002 

= Q . (1 - X^q) cc (RTP)/sec. (4-22) 


where Qqq 


and Qqq 


2 


GOo respectively. 

C ^ 


refer to volumetric flov/ rates of CO and 


4-2.4 Calculation of Instantaneous Rates of Loss of Carbon 
and Oxygen 


As one mole of GO has one mole of carbon and oxygen 
each, and one mole of COg has one mole of carbon and two. 
moles of oxygon, the rates of weight loss of carbon and 
oxygon can be obtained from the flow rates as follows. 



Instantaneous rate of weight loss of carbon 
'"CO " '^00, 


CQn« + ) X 12 


22,400 X 60 


gms ./sec. 


(4-23) 
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a33d — Instantaneous rate of weight loss of oxygen 

(QqO + ^*^002^ X 16 

= ' 22,400 x^60 gms./sec. (4-24) 


4-2.5 Cumulative Weight loss of Carbon and Oxygen and 
Percentage Reduction of the Iron Oxide 


Iho total weight of oxygen fed into the reaction 
chamber erm bo found out from the weight of the Pe 20 ^ pellet 
by multiplying it by 0.3 • Percentage weight loss of oxygen 
at any insttmt con be obtained by dividing the cumulative 
weight loss at that instant by the total oxygen initially 
present in tho pellet (W°). 

* 

100 X / Wq dt 

Pet. Reduction « (4-25) 

W° 

0 


Simpson's rule was employed for numerical Integra- 

* 4 

tion of ¥ and W with respect to time. This gave the 

CO 

cumulative weight loss of carbon (aW^) and of oxygen (^W^) 
at any time (t). 


t * 

dt 

0 0 ° 

t . 

AW s= / dt 

^0 


(4-26) 


(4-27) 
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Bo 1:11 tttid were calculated by Simpson's 
intogmiiion • oince ‘th.ex’G wore about 50 to 75 data points in 
each exporimontj the integration errors wore not significant. 
Values of pet. reduction with respect to time are given in 
Appendix AI. 

Tho cumulative weight losses of osygen and carbon 
wore also found out by weighing the oxide pellet and graphite 
powder sopaivituly before and after each experiment. These 
aro denoted as ■AW^(oxpt.) and .'AW^(expt.) respectively. In 
contrast and calculated with the help of Simpson's 

integration arc dosignatod as - aW (calcd.) and /AW (calcd.). 
Table 4.5 present those values for all the experiments. 

4-2,6 Correction of Gas Composition and Instantaneous Rates 

Assuming the experimental weight losses (i.o. 
AW^(oxpt.) and AW^(expt.)) to be more accurate, gas compos 
tions, flow rates etc. vrero corrected as shown below. 

. aW^ ( expt . ) 

^(corr.) “ original) ^ A?/^( calcd .) 

• 12 
^c(corr,) “ ^(corr.) ^ 2274W 

,AY/^(oxpt.) 

""^oiooTT.) “ ^o(original) ^ aW^( calcd. T 
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Table 4*5 Cumulative Weight losses Calculated Using Computer 
and Measured Experimentally 


T 


! 

Expt . J 
KTo * ; 

I 

f 

1 

: 

C 

Calculated, 
gms . 

! aW I 

1 c { 

JExperimental, { 

1 gms , 1 

{ 

AW 

0 

Calculated, 

gms. 

1 AW 

1 0 

{Experimental 

! gms. 

1 

7 

0.7183 

0.6346 

1.187 

1.170 

9 

0.3639 

0.4129 

0.6259 

0.6650 

14 

0,3408 

0,5563 

0.5634 

0,5100 

17 

0.3458 

0.3318 

0.5617 

0.5731 

18 

0.2958 

0.3126 

0.5638 

0.5694 

19 

0.1022 

0,1198 

0.2265 

0.1724 

20 

0.1289 

0.3469 

0.2250 

0.5387 

21 

0.3574 

0.3393 

0.5668 

0.5091 

22 

0.2527 

0.2754 

0.4097 

0.4158 

23 

0.3307 

0.3275 

0.5304 

0.5395 

24 

0.3299 

0,3405 

0.5329 

0.5541 

25 

0.3606 

0.3338 

0.5910 

0.5359 

26 

0.3364 

0.3931 

0.5392 

0.7953 

27 

0.2683 

0.2471 

0.5478 

0.4327 

28 

0.3177 

0,3182 

0.5415 

0.5451 
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C02(oaTX.) 

¥ , , X ?.?.400 

0 ( corr . ) 16 

(4-31) 

bo(corr.) ~ 

*^(corr.) “ ^OgCcorr.) 

(4-32) 

COCcorr.) 

^G0( corr. ) 

*^(corr .) 

(4-33) 


Howovor it was not found advisable to use these 
corroctod values and for all purposes the values obtained by 
procedure described in Sections 4-2.1 to 4-2.3 were accepted. 

4-2.7 Computer Programme 

On the basis of the eq,uations and procedures as 
outlined in Sections 4-2,1 to 4-2.6, a master computer 
programme was worked out and employed to make all calculations. 
An IBM 7044 computer was used. The computer flow diagram 
is shown in fig, 4*3. Iho computer programme is given in the 
Appendix All, 

4-2.8 Computed Results 

Tables in the Appendix AI present the computed 
results of the experiments. There were 50 to 75 data points 
in each experiment. However only some of them have been 
presented for the sake of conciseness, since these should 
suffice for aiiy future use of -the data of this investigation. 
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4-3 EXAMINATION OE EEDUCED PELLETS 

Visual examination of the reduced pellets were 
made. It was found that the pellets were cracking as well 
as increasing in volume due to reduction. 

As the reduced pellets were extremely fragile, no 
microstructural examination could be made. 

V/hen the pellet diameter was bigger than the 
crucible diameter it was found that the portion not exposed 
to the inner surface of tho crucible was less reduced. This 
was revonlod during oxidation test described below. 

Portions of the partially reduced pellets were 
taken out from the top, middle and bottom of the pellet by 
using a diamond file and subjected to oxidation test. The 
layers were weighed separately in a semi-micro balance and 
oxidized at 900^^0 till constant weight was obtained. The 
difference in weight of each layer before and after oxidation 
was expressed ns percentage of the initial weight. The 
• results riro shown in table 4.6. 

4-4 REDUCTION BY QUICK HEATING AND COOLING 

Two experiments wore conducted at 967°C by 
introducing tho crucible with graphite and pellet, kept in 
separation, suddenly into the reaction chamber. As the 
CSZ tube was not introduced EMF could not be observed. 
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Table 4.b Heauitn of Layer Analysis by Oxidation Test of 
Reduced Pellets 


t 

Expt. ! Position 
lo. i in the 
I pellet 

I 

i 


t t 

\ Increase inwt^, pet. {pet. reduction 
{ in terms of initial {of the pellet 

{ wt. of the layer {' 

! I 


Bottom 

3*289 

Middle 

4.463 

Top 

1 .286 

Periphery 

1.50? 

Bottom 

8.874 

Middle 

8.180 

Top 

2'* 462 

Periphery 

2.732 
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The aseemhly ma taken out by opening the top of the fumaoe 
and air cooled Irom the reaction temperature to the room 
temperature. Weif;hinc before and after the eoqjeriment gaTe 
values of A and AW^ . and were calculated as 
follows . 

• A 

■" t X 60’ gros/sec. (4-34) 

* 

fc _ t X 60 ®^s/sec, (4-35) 

where t « Duration of the assembly in the furnace in 
minutes. 

!Ehe result n are presented in table 4 , 7 . 
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Table A.'l Hoauito of Heduction of Oxide Pellet by Quick 
Heating and Cooling 


Bxpt 

No. 


vrt . of ;wt . of 
oxide J graphite 
pellet 5 powder, 
gnus. {gas. 


Porosity 

of 

oxide 

pellet 


Temp . 
00 


pet . 
reduc- 
tion 


-W xIO- 
0 

g/sec . 


P , sec 
c 


-1 
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CHAPTER 5 

♦ 

RESULTS OF AUXIILIARt EXEDRIMEITS 

Reaction between powder mixtures of iron oxide 
(-325 mesh) and graphite (-200, +230 mesh) and mixtures of 
micro-pelloto (-^-2 mm dia.) of oxide and graphite powder 
were investigated as described in Section 3-2.2. Reactivity 
studies of graphite powder (-200 + 230 mesh) in pure GOg 
and in CO-COg mixture were also undertaken as outlined in 
Section 3-2*3. ^hc results of these investigations shall 
be presented hero under separate headings. 

5-1 POTOBR MIXTURES OP FERRIC OXIDE MD GRAPHITE 

Standardisation of the equipments used for the 
investigation was carried out first. The results have 
already been presented in Section 4-1 . The details of the 
CSZ coll used for determination of gas composition as well 
as the microvoltmeter employed for measuring the voltage 
of the colJ have boon given in Section 4-1. 

Capillary No. 2 was used for measuring the flow 
rates of product gases of reaction. Capillary constant 
was calculntud to bo: 

A ss 7*51 10^ (Section 4-1) 
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The oxporimentol data consisted of Ah (cm.) of 
the f lowmetoi'’ j feMF (Ii)| volts) of the CSZ cell and tempenat lines 
(°C) of the reaction furnace and of the CSZ cell. These 
were the basic data from which the gas compositions, instan- 
taneous reaction rates and cumulative weight losses were 
calculated . 

The time intervca for collecting the data was 
1 minute or 2 minutoo depending on the change in rate of 
evolution of gases. One minute was chosen when the change 
in rate of gm evolution was rapid. Otherwise the interval 
was kept at 2 minutes . Gollection of data was started 
immediately after introducing the sample. This was noted 
as aero time , 

A number of experiments were carried out with 
temperature as the variable. The experimental conditions 
are given in table 5.1. 

As in the case of oxide pellet-graphite powder 
system (Section 4-2) , here also the raw results as such are 
of not much use. The nature of change of E, T and Ah with 
time are shown for one of the experiments in Eig. 5»1, for 
the sake of illustration. Tables in Appendix AIII present 
the values of E (volts), T (°0) and Ah -(cm.) for all 


experiments , 
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Table 5.1 


Experimental Conditions for React ioir:! n-p T■r>^^v1 n 

Powdgr and Graphite Powder Lite 

Poiluba and Graphite Powder Ml^tSre 


Expt , 
lo. 

Temp. 

of 

CSZ 

t 

! 

{Reaction zone 
{temperature , 



j- — ... 

T 

{Weight 
°G{of 
! oxvaren 

r- — 

Graphite 
weight , 

1 — 

Pellet- 

ising 

pressure 

psi. 

T — — 

Stoichio- 

metric 

ratio 

carbon/ 

oxygen 

„ 

cell f 
00 

{Initial {Average , 

* I ® {oxide, 

I • Jgms, 

1 i I • ■ 

— j— — I.,. , 


M-2 

770 

974 

992 

0.522 

0.786 

0 

2.01 

1-3* 


955 

945 

0.360 

0.538 

0 

1 .99 

M»4 

7SB 

945 

940 

0.680 

1 .020 

0 

2.00 

M~5 

770 

1046 

1042 

0.400 

0.602 

0 

2.00 

M-.6* 

793 

967 

962 

0.329 

0.519 

0 

2.05 

M-7 

793 

972 

963 

0.296 

0.443 

■200 

2.00 

M-8 

791 

954 

945 

0.265 

0.418 

200 

2.05 

M-9 

784 

1009 

999 

0.468 

0.701 

200 

2.00 

*0xido 

in the form 

of micro-pellets 

( approx . 

2 mm dia. ) . 



Temp./C 

EMFjVolts 





Time, min 

FIG.5-1 Ah .TEMPERATURE AND EMF Vs. TIME FOR 
EXPERIMENT M-4 
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5-1.1 Calculation of Oaa Compositions, Instantaneous and 
ivo Woight Losses 

I 

Tables in Appendix AIII present the values of the 
following for powder mixtures. 

a) Compositions of the product gas, which was a 

mixture of CO nnd 00^* 

£ 

h) Inotantaneous carbon loss rate (-W ) 

c, 

« •*- 

c) Inatcmtaneous oxygen lose rate (-W^) 

d) Tempurature of the reaction zone 

o) Percent reduction of the oxide. 

Al.1 the above informations have been presented at 
intorvals of time. Thoao wore computed from the EM? (E), 
flowmotor roading ( Ah), and temperature (T) using exactly 
the scone calculation procedure as outlined in Section 4-2.1 
to 4— 2,5* Therefore no further details would be given here 
about the calculation procedure or the computer program. 

There was on© significant difference between this 
work and the pellet-graphite work. In the latter case, the 
oxide pellet md the graphite powder could be individually 
weighed after an experiment was over. Hence aW^ and aW^ 
could bo experimentally determined separately. 

In the oxide powder-graphite powder mixture, 
only the total weight loss, viz, C*"( aW^)] could be 
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experimentally determined. Table 5.2 compares calculated 
and experiraent.'-l total weight loss. 

5-2 MIXTURE OP PEREIC OXIDE MICRO-REDLETS MD OEUHITB 
POWDER 

Two experiments were made with small spherical 
pellets ( 'v 2 min dia.) cifter mixing them uniformly with 
graphite povdor (-200, +230 mesh). The pellets were 
prepared as duscrlbad in Section 3-1.3. 

The time interval for taking the readiiigs were 
either 1 minute ox’ 2 minutes. Collection of data was 
started immediately after introducing the sample into the 
reaction furnace, which was maintained at a constant 
temperature . 

Processing of the basic data was exactly similar 
to that employed for processing the data on powder mixture- 
study (Section 5-1,1), The results, raw as well as 
proceesed , are presented in Appendix AIY, Pigure 5-2 shows 
vxiriation of E, Ah and temperature with time. Experimental 
conditiono Jire given in table 5.1. 

5-3 GRAPHITE INACTIVITY STUDY 

The total ash content of the graphite was 
determined os 0.112 pet. The ash was further analysed 
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{Table ‘3.2 Oumulativ© Weight loss Calculated Using a 
Computer and Measured Experimentally 


I I 

Expt. iWoight loss calculated, {Weight loss experimen- 
Ko. { gms. |tal, gms. 

J ! 



0.968 

1 .004 

n-/ 

1 .100 

1 .022 


0.955 

0.560 

# 



1-6 

0.348 

0,302 

$ 

M-7 

0,543 

0.431 

M-8^ 

0.556 

0.435 

M-9® 

0.911 

0.770 


^ Powder mixture of oxide and graphite, unpressed 

A 

Powder mixture of oxide and graphite, pressed 
* Micro-pellGto-graphite powder mixture. 
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spoc cilly B.'t BARC j Bombsy . As "bh.© concsntix’s.— 

tions of bhu impurities in the sample v^ere much beyond the 
range for which the spectrograph was standardised, substantial 
dilution (1:80) of the sample was necessary to adjust the 
impurities concentration within the workable range. The 
analysis was carried out on a semiquant it at ive basis. 

Results are shown below. 


Chomicca Analysis of the Ash 


Iinpuritios 

Cobalt 

Iron 

Mickel 


Concent rat ion 
0.8 pet. 
0.56 pet. 
0.88 pet. 


As explained in Section 3-2.3 three sets of 

experiments were made to study the inactivity of graphite. 

The first two sots of experiments were for studying the 

reactivity of graphite with OOg whereas the third set was 

for studyir:^? the reactivity in CO-COg mixture . Results of the 

fir at out of exj^erimonts are not presented here as they 

were found somewhat unreliable. Hesults of the second and 

third oeto of oxpuriments are shown in table 5*3. 

» 1 

Rate of reaction sec ) was calculated as 


follows : 
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Table 5 • Graphib© Reactivity Rata in Pure CO^ and CO/CO 
Mixture 2 ' 2 


Expt . 
Ro. 

{Reaction 
{Temp . , 

; ‘^C 

- — 

Y/oight 

of 

graphite 
gms . 

I 

Gas 

Composition 

f 

Time 

of 

expt . 
min. 

{Weight { React - 
{loss {ivity 

*P xIO^ 

{graphite 

{gms. { -1 

{® {sec 

• r 

{K.xlO^ 

}gm-mole/ 
{gm sec . 

1 

905 

0.3825 

Pure GOo 

C 

20 

0.04192 

0.83 

1.142 

2 

905 

0.3324 

If 

22 

0.03384 

0.76 

1.046 

3 

895 

0.4144 

If 

30 

0.04448 

0.60 

0.820 

4 

899 

0.2660 

It 

31 

0.03379 

0.68 

0.933 

5 

970 

0.6618 

It 

21 

0.11189 

1.35 

1.941 

6 

902 

0.4601 

If 

20 

0.06538 

1.18 

1.686 

7 

963 

0.5951 

fl 

21 

0.09156 

1 .23 

1.758 

8 

964 

0.4355 

ft 

29 

0.09559 

1 .27 

1.818 

9 

1032 

0.5146 

If 

10 

0.08270 

2.68 

4.008 

10 

1032 

0,3232 

It 

21 

0.10208 

2.50 

3.739 

11 

1030 

0,2426 

U 

16 

0.06940 

2.98 

4.457 

12 

1030 

0.2850 

w 

10 

0.05399 

3.15 

4.707 

13 

962 

1 .1742 

43.9 pet. CO 95 

0.0748 

0.118 

- 

14 

962 

0.6989 

33.8 pet. CO 95 

0.0422 

0.224 

- 

15 

962 

0.7343 

29.2 pet. CO 80 

0.0793 

0.225 

- 
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F 


c 


^ AW 

c 

X t X 60 

0 


sec 


( 5 - 1 ) 


where = Weight loss of carbon, gms. 

f\ 

W_ = Initial weight of graphite, gms. 

t = lime, min. 

# 

Tho values of P for these experiments are 


presented in table 5. '5. 
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CHAPTER 6 

DISCUSSION OF RESULTS ON GRAPHITE REACTIVITY 
Al® POTOER MIXTURE STUDIES 

Aa will be evident later, graphite reactivity 
would como into picture in discussions of iron oxide -graphite 
reaction* Hence, although the Eieasurements of reactivity 
of the graphite pov/der Employed in. this investigation 
constituted one of the auxilliary investigations, it is 
being discussed first. 

Investigation on the powder mixtures of oxide and 
graphite was undertaken mainly with the idea of checking 
the agroomont of those resiiLts with those of other workers. 
Again, interpretation of data on oxide pellet -graphite 
powder react ions would draw extensively from the existing 
knowledge of the behaviour of pov/der mixture of iron oxide 
ond cjLorbon. Hence the results of investigation on powder 
mixtures aLoo shall bo taken up in this chapter, although 
they alBo constitute only a set of auxilliary studies. 

6-1 GRAPHITE REACTIVITY 

Hero im attempt will be made to compare the ■ 
results of this investigation with the results on C-COg 
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reaction available in the literature. The results have 
been prodented in table 5-3 already. 

6-1 , 1 Results of Reaction of Graphite with Pure GO^ 

# 

Piguro 6.1 presents as a function of temperature 
in an Arrhenius typo of plot for the present investigation 
as. well as for the investigations done by others^^^ ^ , 

The roaotlon rate obtained by Rao and Jalan^^®^ is the same 
as that of tho prooout study at about I 0500 C. However, at 
962®C, value reported by them is about one-half of those of 
the proaont invoetigation. The reactivity of metallurgical 
coko of Turk’dogan and Vinters ' is the same as that for 
tho pi'coont ottAdy at about 980°C. At 1030°C, their value 
is almost doublu of that of this investigation. In contrast 
to this, tho reactivity of coconut charcoal is 10 times 
higher at about 1030° 0 while that of electrode graphite is 
10 times lower as compared to the present results at this 
temperature. , 

Results of reactivity study of many other inves- 
tigators are also available in the literature. Por the 
sake of concisenoss and clarity they have not been 
presented hero . 






This invgstlaatio 

Rao 

( 4 : 

Turkdogan et al 

C 

Turkdogan et qI 
Turkdogan al 








* 


’; r , 10", '-K 

6.1 GRAPHITE REACTif 
IN PLHU; CO/IplPoiT 
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The othur features of the plot are that the three 
linos oorresiJondin^!; to the throe types of carbon (coconut 
charcoal, met allure i cal coke, and electrode graphite) 
investigated by Turkdogan and Vinters are parallel to one 
another. The lino corresponding to that of Rao and Jalan 
has a little lower tomporaturo dependence and that corres- 
ponding to tiio prooont investigation has a much smaller 
tompcratui'e dupondonco in comparison to all other lines 
proeentod huru. 


6-1*2 Rato Equations Applicable to Reaction Between C 
and CO 2 

Rao and Jalan based their rate expression on that 
(56) 

of Brgun . The mociumism assumed is the 2-stage one as 
diocuaoud in Cliapter 1. 


cOp(s) + c,. c(o) + co(g) 

€m «*>» 

A «| 

k,j 

c(o) ":=£± : co(g) + 

-2 


c„ 

£ 

0 ( 0 ) 


s: Free reaction site 
= Reaction site with adsorbed oxygen. 


(1-13) 

(1-14) 


As usual, reaction (1-13) was assumed to ba reversible, 

and (1-14) as slow and irreversible. Going through the 

(56 38) 

derivation stops, 
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12 C 3Poo 


(6-1) 


where lo » ] + [C(0) ] 


(6-2). 


= Total Ho. of reaction sites, g-mole/gm . 
of carhon 

Defining X*j ® ^2 ** X^ ~ 

~ '^1 ^2 PqO ■’■ S ^COg^ 

In piiru COg, thu ribovu equation gets simplified as: 

s 12 i.^ ■*■ ^3 ^GOg^ 

Rao wid dnXari have inatead arrived at the equation (6-5) 
given below, 

12 kf 

P^ ss -n — YJ gm-mole/gm-C. min. (6-5) 

C 

Thu diffuruucu in the fom of equations (6-4) and (6-5) is 
booauoo ;lu equation (6-5) » a parameter v/as defined as 
follows . 


k ,5 « kyC IC] gffi-mole/gm-C.min (6-6) 

X c 


intrinsic rat© constant. 
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ror puru COg ,it 1 ati... pressure this pan be simplified 

furthur qj; 


♦ 



FTTX) 

J .3 


(6-7) 


can be calculated from if the value of I is 

known. The vuluun of I.j for various temperatures have Len 

oomputud frum I'if;. G.z. The variation of with temperature 
wno ubt!iliiu<l by linn nnd .Tnlan^^®^ as; 

- 10 '>-''' uxp.(-V9,600/R5l') sm-mole/gm-oarbon sec. 

( 6 - 8 ) 

la the pruacat investigation the following relation 
was obtttiaua fur kj_ 

\ = 1.00 jc 10*-' oxp gm. mole/gm of C sec. 

(6-9) 

Bai'kca and Turkdogan^^^^ postulated the following 
muchanasia of reaction. 


C02(g) s: C02(ads) » (COg)'^ 6!(gr) + 20(ads) 

( 6 - 10 ) 
and 

w (CO)'*' — ^ C0(g) 


C(gr) •+ O(ada) 


(6-rt) 
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whc^ro ((X).J^ .-Slid (CO)’* are the activated complexes. 

,Pur P(jQ 0, the rate controlling reaction was 
asoumud to bu (b-IO), I'hu x^ate expression was obtained as; 

I'o = ^2(Pc0g)*/60, soo-1 ( 6 _, 2 ; 

whuru partuiieter was obtained from the Absolute 

iiuact;iun Hutu Tiiuury for reaction (6-10) » 

T|u.‘ valiu) of activation energy for reaction of 
COg with carbun for nil three types of carbon was obtained 
as 69 k col/gin -att.?.! ot‘ carbon by Darken and lurkdogan. 

Using thlo vfil ro ut acrt ! ■''■ntion energy they exf)ressed the 
variation of 0p with bumpurature for the throe types of 
carbon na; 

for ooounufc charuanl, , 

02 “ .. H t QQQ 4. 'll, 00 (6-13) 

for mutallurfUaal ooko , 

log 0p ^ ^ HiQM +*9.96 (6-14) 

and fur* tlluotrtido graphite, 

lug 0p * - JifiOO 
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In oh.'iptur 1 , it has been already stated that the 
mechanism pt-oiionud by lias been supported by a 

number of lnvuslip:abluns, and is the generally accepted 

( ^) 7 ) 

one. .'Unco Jirgun’s emd Rao and Jalan's analysis are 

# 


based on this, the latter’s approach is being accepted here 
as the correct one* 

flio rate Wial^ysio by Darken and Turkdogan, on the 
other i'uuid, (.mimmvB ndsurption of CO and COg on carbon 


surface which hue been contradicted by some other investi- 
gators^ . Moreover, Rao and Jalan have shown that one of 
the rate equafcionn pi*u posed by Darken and Turkdogan could be 
derived from eqn. C6-*5). 


6-1.3 Suuroeu u.f Error in Measurements 

(a) Tempura turu muunurumont and control ; The temperature 
of the react ion i.'urnacu was maintained at a constant value 
by a varlac and voltOf^a otabillzer* Temperature of the 
reaction «anu wan imiaourod while the reaction was going on. 
It wan cjbourvod that the temporaturo decreased by about 5®C 
during the couroo ot* the reaction. 

(b) Dilution oC OOg by 00 !- Flow rate of COg was 2 
litres (wa'P)/i!il.n, A soinpie calculation done for reactivity 
measurement at 1032*^0 showed that only 0*7 pet. COg got 
converted into 00. This ia negligible. 
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(c) Accnunu.lntioti of carbon monoxide inside the pellet can 
lower the r.'d,o approcrlnbly , In this investigation the 
procodtiro Mciop'tod min t;o take graphite powder (-200, +230 
ni''oh) , pretiJj it liito a pellet of approximately 1.7 cm dia, 
and 0.2 cm tlricknoBB, weighing approximately 0.5 gms. Then 
this pellet was broken into few pieces and charged into the 
silica crucible. 

Util j /.inf: the rulationship between t aad 58, 59, 36)^ 
it is iKUjniblc to cal culatu n approximately, where 

uotuiil rate of reaction , . 

■' intrinulc rate of chemical, reaction step iD-lbj 


and 


1.1 HV 

" ” ’ “«»2 

? I 

. ,, (volume of pellet) 

( <: tctcrnar’ swf ace area of '' pellet ) 


(6-17) 


-1 -1 

R 82.00 cc. atm. ®K mole 

Do s Kffectiva diffusion coefficient in 

OO-CO2 in pores oraVsec. 

s; Partial pressure of COg at the surface 

2 , r. 

o.r {Kilitl s 1 atm. 

# 

% 

Iiuaction rate in g. mole/cm'^.sec. 
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Now, thu plvcun may t)o assuiti 0 d as tiny disks. Hence 
T( half bhiokness s 0.1 cm 

w 

Du .. D ~ 

T 

where D Bulk diffuoivity in GO-GOg gas mixture 
e s Poronity of the disk 0.5 

T 5*- To-rtmu-iiby factor 
2 (nntmwod). 

uincu bhu {)aruu iU'u auveral microns in size, 
moiucular diffiuiiun ohtdi prodominatc, and D can be 
caiculatud from thu kiiiotic theory of gases at any 
temperature . 

UoJ.nf^ bhu uxpurijtiuntal Yalues of F and T, sample 
ctfLoulabluh uf wuu mado at 1032°C (highest experimental 
tempuroturo ) and from tho n- si/ chart, n was deter- 
minod uo approximately 1. 

Thio Indlcubuo that there was negligible mass 
branoi’er rutsinbanou Inoido the pellet. However, possibly 
thoru wait local roufiunb starvation inside the silica 
cruGlblsi hi;aaui50 thu piocos of graphite at the top visually 
appuurod bo havu j;x.*acted more than those at the bottom of 
thu cruciblu. 
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(d) l.liu lOiH.fc.'ioii o.L GtiPbon wititi GO2 siiPongly ©ndo’th.Bmo.ic* 
Thus if thu rfitu of heat supply to the reaction site is not 
rapid unoup:h, 'i to banipuraturo will be somewhat lower than 
the furnace clioinber temperature. Rao and Jalan^^®^ have 
found this difference to be about 10-.25°C in this range. 

Sinco they omployod one large disk with ve^y tiny pores 
('V bOO A or »o), and In this Investigation small broken 
piuceu with micron nisne pores were used, it is not expected 
that the tumpurntuiu diffui’unco would be so much here , but 
some difforenoo bu luled out. 

All the offucts discussed above would tend to 

i 

lower the value of and therefor© it is believed that the 

W 

« 

actual. value in tiomewhat hip, her than what has been 

t 

obtained. Moruiivur the lowering of P caused by these 

w 

souT'cen of error would bu greater at the higher temperatures. 
It is very likely tiiat these are responsible for the fact 
that the uctivaliun energy obtained in this investigation 
is luwer than the literature values. 


6-1,4 Cumparinon el* Graphite Reactivity Values in Pure COg 

» • 

All diocuosed cibove the correct values in 

this invaotigation are perhaps somewhat greater if the errors 

could have been corrected for. When coirections for 



128 


dirruiiion wore uuido to their data by Eao and Jalan^^^^ 

m 

■'uhaiT viJ.ue.'j J’or intrinsic chemical reactivity were 
iound iJO be .4:;vxato:i,* than those represented in 6.1 by 
factors of a .fny/, Therefore the reactivity values would 
purhops! o,;n. T.^al.iintcly nfa-oo with those determined in this 
Invu.sl. I z*;.'!, I, Uni. 

liowovor the 1*’^ values for electrode graphite as 

•' wnd by 'iV.rlUoz^Hn and Vintors^^^^ are an order of magnitude 

irjwur a!j rninp/tfud to thnnu of the present investigation. 

It 1o a i.iijlht porpluxlnf^ ns to why similar graphite sample 

(uloctrodu ih’^Mhiitu ) lu thuir case exhibited such low 

ronct'.ivit.y. it lu dlf’Vjult to explain this anomaly. But 

one iionuihiu explauntion is noted below. 

Turkhoyan 'md Vinters employed 0.5 kui particles 

of grnpliiti* "ud the particle size in this investigation was 

1 

■.ipproxj.mutf? y 50 inlriruns, i.e. about of theirs. If 

the nines of' the porcG Inside the particles are very small, 
nlinll be oonsiderablo mass transfer resistance in 

t!ium and th'j p.-irticlus in effect would react only at their 

# ■ 

nurlU'uiufi. Thun 1*'^ would b© proportional to the specific 
nurj'aeu arun (i.u. surface area per unit volume) of the 
partielun. for spherical particles, specific surface area 
is invux’ue.ly pnjportionsl to the diameter of the particle, 
ilunce. 
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(F ) Tt4rkdur,an and Vinters ^ 

n ± 0»05 _ 1__ 

(F ) thin invostlgation 

Thoroforu it does offer an explanation for the 
lower raboo obtained by Turkdogan and Vinters. The general 
concluui.on drawn by the nbovo workers that mass transfer 
reeistuncu is not nlgnif ictint below a particle diameter of 
1 cm. may ba opon to duootiun. 


6-1 .5 


Roaction of {»raphJ,to with CO-COg 


Mixture 


Tablu b.2 prorjunta the results of the experiments 
in OO-GOg mi'xttiru. Tabiu 6.1 shows the comparison between 
the oxpertountally ol^taincd rates and that computed from 
the work of othciin for fcho gao compositions and temperatures 
of this investigation. It can ba seen that the experimen- 
tally obtained v?A3.ueo are higher than the values extrapolated 

(38) 

from the reactivity found by Rao and Jalan and the 
present invuiit.tgation using pure COg. Also they are much 
higher than the valuuo obtained from Tiirkdogan and 
Vintoro^^*'^ for electrode graphite 

The method of extrapolation for obtaining 
reactivity voi.uea in table 6.1 is based on equation (6-5). 
Values of k, wure caloulated using equation (6-8) in the 
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Tablu 0.1 


(uiiiijuir i and PvnA-y%-n ^ 

«.;ncl;.iv:Uy of Graphltu in OO/Mj SteS 


Bxpt , 
Ho. 


! 

I 

t 

t 

t 

I 

I 

f 

f 

t 

iw w i lww w 


sec 


calculated from various 




F xK)' 

w w wv 0*0. VJUA 

values of reactivity of carbon 

i..il.niiri,-i, r, 

UST 


and 


^Tnrkdogan 


{Experi- 

{ment- 

'al-^- 



i (<.'ruphlto) i 


13 43.9 

14 33.8 


u.37b 

21 .391 

0.570 

0 . w 

30.329 

0.840 

0.700 

39.69 

1 .022 


0.068 

0.257 

1.118 

0.101 

0.389 

2.236 

0.123 

0.478 

2.250 


15 29.2 
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aaso oJ' H.'w) nruX Jiilan and equation (6-9) for the present 
Lon with piiro COg . 

HouctiYity values in the case of lurkdogan and 
(42) 

Vintora' woro calctaated using the following equation. 

r('>oo (Poo , 

”0 ■= n 

0^ for the thruu typus of carbon wore calculated using 
oquationn (C>-13), (6-14) ftfid ( 6 -I 5 ). 0qq for graphite and 
ooko wyru «iwi‘.ivud frow the aquation^ 

log « ~ + 3*46 (6-20) 

Tho valuu <jf 0^,Q for charcoal is larger by a factor of 4 as 

obtained from the 0qq Vo ^ plot of Darken and lurkdogan^^^^ . 

% 

fho x'oaoono for tho enhanced rates in this 
invcotigatioii uoing CO-COg gas mixture may be as follows: 

( 1 ) Tho oiunplo was hoatod and cooled slowly to and from 
bhu reaction toiapoi’aturo in order to protect the CSZ 
tube from crackini^ due to thermal shock. Some 
reaction would have taken place during this time which 
was not accounted for. 

(2) Time lag in rugistorlng the EMF of the CO-COg mixture 
by tho CSZ tub©. Zero reaction time was taken as the 
time when tho CSZ tub© started indicating. 
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Ni'jtiu or ihoeu could bo clearly established because 
sufficient nusnbcx' of trials could not be given due to lack 
of time. 

6-2 fiEACflONS IH MIXTWRBS OP IKON OXIDE K)1#l AlW GRAPHITE 
POWDER 

Thu main fib.iuctivuo behind the investigation of 
reactions in puwdur mijctnirun of iron oxide and graphite weres 

(a) to coinfHU'u ihu data obtainod by toclmiquos employed 
horu with tho»u by other investigators, especially 
OtBito and Kuuii^^^^^. 

(b) to compare tho Uiitfi of powder mixtures with those of 
iron oKido pellet mid I'raphlto powder kept in 
operation. 

Tiireu nuta of exporiraents were conducted, viz., 

I. With pov/dur mixtureo without pressing 

II. Witli inixturoo ol* iron oxide and graphite powder 
preuood into polio fc uoing a pressure of 200 p.s.i. 

III. Witii mixtures of micro-pollota of iron oxide 
('va mm. dia.) and graphite pov/dor 
In these expurimenta also the size of the graphite particles 
was in tho aieve range (-200, +230 mesh) as in a3.1 other 
invostigatloruj . 
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'Pin; rirot two aoto of exporimonts were carried out 
at three fiift'urotil tuwpuraturoG * 0n3y two experiments were 
done in tiio third aot# 

Thu ruGulto of the first two sets shall be 
discueoed i'irot and those of the third set shall be discussed 
next . 

Thu uxpuriiuuntal conditions for all the thiee sets 
are jsronuntod in tnbiu 3.1* A weight ratio of C/O equal to 
1*30 v/ao taken. Tltln wnw ue|uivalont to a mole ratio of 
about 2« Therufeu'u uxouuo graphite was present to ensure 
preouiicu uf unrn 4 / 5 h grajihitc towards the end. Otsuka and 
did not tfiku this precaution, and hence their 
resultfi buwraxln thu und of the reduction period are subject 
to doubt. 

6-2.1 Discuunion of Bxporimontol Errors 

Thu overall, reaction is ondothermic and is fairly 
rapid (more or Icon ooinplotod in 40-50 minutes). Therefore 
a torapurattire di'tip of 15 to 20®C was noted during each 
expurimunt . The tumpernturos mentioned in table 5.1 
ro proaunt! i riveixtfic v-'iluos. 

Tabic 5.2 givoa the total weight losses calculated 
through the computer program as discussed in Section 5-1.1? 
and aluo thu weight losses measured after the experiments 
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v/urt' over, for tho oxporimont M-5, the calculated 

woi/^hl jor.ftoii vAsru npproxiimtQly 10 to 20 pet. greater than 
tho oMporlJiiwiital otiuo. From this an idea may he obtained 
about the uvurall accuracy of the flov? rate and gas composi- 
tion moaouromonts . Ho\/Qver it is to be kept in mind that 
the uxpuriiiKinial vicifM losses also had some errors duo to 
thu difr.iotil ty of {ittlliji'if,; thu amnplo out from the reaction 
Cham bur fnut. 

Ouniluti 4-1. '5 ban islrundy proountod the results 
of thu purfuiTOiiioo tuntUv; uf thu solid electrolyte cell 
sut-up utiln/', mixture. The errors were within 

5 pet. in thu giin oumpouition. However in the experiments 
on powdur mXxtuj'uw whuru thu solid oxide electrolyte coll 
was umplayud to mcinitor thu CJO/COg ratio in the gas, there 
was fjomutiraw lug in muarmroinent because of the finite dead 
volume of thu nmetiuri chamber etc. This normally would 
tend to give higher percentages of COg in the gas resulting 
into larger cal.cuinlud values of oxygon loss and percen- 
tage reduction. A Irurger weight of the mixture should yield 
a higher flow mtu of the product gas and hence less time 
lag txnd iunn error, Thio is what happened for example in 
experiment M-4. This also indicates that flow rate 
mensturomunti) 'were fairly good. 
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6-2.2 Dincuunluii ol tliu Koa^xts 

HgutUln yf thuou oxperimunts arc given in 

Appendix I*ip 5 UPco 6«3 ojid show the plots of pet. 

• « 

GO, nnd -W^ Vs. pet* reduction for two of the experiments. 

In Chuptor 1, Suction (1-4), findings of Otsuka 
and hnvu buun proaontod and discussed. The 

ruouibn of thin iJivunUitution, for example, those shown in 
Figs* ('.3 rijiU fi.4, ;ux- of nimilar nature. Therefore a 
dotailud tl.!nauunit>n l,u nut warranted. Only the important 
points v/ould bu ruiturntud below. 

It ofuj bu aoun fixm tho Hguros 6,5 and 6.4 that 
the two-«tJtgu bohnvlour in vary much predominant with two 
pufiko occurrbif-; nt tViu two ntrigoo of roduction. The first 
poak oocurn nt about 10 pet, roduction and tho second peak 
at about 50 pot* reduction. This is identical to the 
findin(jo of Otouka tmd Kuiiii reproduced in fig. 1.3. The 
laagnitudu r.f tho Ducond peoli is much larger compared to 
that of thu flrut onu# 

Thu variation of gas composition with pet. 
rod\ictiun aro nl&o shown in figs. 6 , 3 and 6.4. Along with 
thum the evpiilibrima gas composition curves corresponding 
to thw fuliowlng otagawise reduction have also been 
prenentod. 
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a aPQjO^Cs) + COgCg) (1^4) 

^ COCfj) a 3PeO(s) + COgCg) (1~5) 

l'‘oO(;;3) -t no(g) a Po(s) + COgig) (1-6) 

Thu brmia of platting tho equilibrium curve is 
that oamploti: nonvuruiaii of into Po^O^ corresponds to 

11 pet. riHluetlon /ind that into PcO corrooponds to appro- 
xiiflJifculy '53 pot. ruihiotion. Qm eompositions in equilibrium 
coexiotonoo wi tht Po™0^ - PcyO, Pc^O-Po were 

noted fi’um nhunh and 3t. Piurre^^*'^ , because the latter had 
critically ai,irio»:iisod all iituraturo values. 

Thu appro xitiiatu mntchinij of the experimental gas. 
ooinpouition uurvuti with the uquilibrium onus further 
confiim that thu rudt4eti<jn of FUgO^ took place in three 
stagorj no iiiunt.iunyd above. 

Ginou thu uxpurimontJil gas composition deviated 
aomowhnt fixira thu nctunl gaa compositions :Ln some of the 
uxpurimuntu Uuu to ixtuw tiffin 1»« it was decided to use 

t 

vul,uui5 rathur th.'in ’V ^ values for tho calculation of 
activation unurgy, Ao both CO and COg have the same number 
of molun sif carbon, doponds only on tho flow rate of 

V 

gno and rw>fc un tho oumpooition of tho gas. However, if 
thu g.'iD cjoiaponttlun is orronoous, it will affect the 



139 


porccntn.c,* ixnUiclUm, Tho parcontago reduction obtained 
Xor ...‘xpurinutiit nu, i'ur which the gas composition is in 
good with that of the equilibrium gas composition, 

is about 94 pet. Thin is tte order of reduction expected 
when thu flow of gnaoo almost ceases. Thus the high 
purcuutf^-'u oC roductien obtained in the case of experiments 
M-2 (119 pot.) mid uxpuriiaunt M-5 (140 pet.) are perhaps 
duu to thvi ttojauwhni urroneoiie gas composition used for 
colculatJug V/ . 

Fruin thu nbuvu discussions it can bo concluded 

that thoro way nt> apprucinblc error in the measurement of 

flow rntoQ during thu pruuunt invoBtigations, Since the 

’ * 

woightn wore nut thu omnu for all aaraplcs -W^ was converted 

. .u. 

• 1 

Figure 6.9 presuntn the plot of log Va The 
actlvatlcm onergy obtained for the first stage is 73 Kcals/ 
mole without pruooing and 71 Kcals/mole with pressing. 

Tlicae are in good agreement with tho 75 Kcals/raole obtained 
by Otouka mid Kunil. 

Activation energy calculated for the second stage 
was 5‘j Kc:au/i«uly for iiiixturas not prossed and 33.5 Kcals/ 


mule for prenued pellets. 



i 



u Witnout pressing 

( -“15 pet. redn.) 

A 2ndstQge without pressing 
("•50 pct.redn. ) 

o 1st stage pressed at -200 psi 
(-15 pet. redn. ) 

• 2nd stage pressed at -200psl 

(-50 pet redn. ) 

• Micro-pellet stage" 

■ ® 2nd Stage.; 


1/T 

ARRHENIUS Fc Vs.'TEMPER, 

FOR MIXTURE OF/fmO^ %HD GRAPHITE P- 



141 


buh-nvioiir patterns aro also consistent with 
tlu! I'ind Lu<';! u.l' Otnaka and Kuiiii, who observed a lowering 
ul ;H:t..lvr.U,an ufior^jy ill thu Second Stage. 

Otouka and Kunii’o results were explained (Section 
1 - 4 ) by fiiKjiiining that the gasification reaction (C + COg = 
200 ) is thu j'nbu controiiing one, Tho largo activation 
energy in th<; firnt ntagu ia one of the confirmations for 
thin cuntuntioiu Thu uiiiumcod rate no v/cll as loworing of 
activatiuu utjurgy In tiw iujoond atago v/ore held to be due 
to the entai.yuiu of thu y.ao irieation reaction by reduced 
mot'illi.c iron. Thu roaulta of thu present investigation 
also luml tu thu luur.u conciuniono. 

Fronnliy?, of the pav/dur mixture did not affect the 
activation utiurgy in the first utf.igo, but lowered it from 
55 Kcaln/molw* tu 35*5 Kcalo/tnolo in the second stage. This 
io nn ridilifci(nifi 4 c»inf irination fur the mechanism proposed, 
bucatniu pronnliyi jsrcouinnbly led to bettor contact between 
fo and h and hunco uiuru cntalyoio. 

G-3 lliXTUHK OF MJCBO-PEhl^TS OP OXIDE MD GRAPHITE POWDER 

Only two uxporimonts wore porfoimod in this sot, 
which cunflruH'd bliu expected behaviour pattern. The 
rcoiiUn uro uhtwn in Appendix AIV. figure 6.4 shows the 
variation uf pot, CO, -W, and -W^ against pet. reduction 

for one of the uxjjorijftents. 
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Th,; tv/u utngc reduction discuosod in Section (6-2) 
is u'viduuf. in Utii-s nr\:sc un woll. However, the rate in the 
occund ot:'.|'u iu itnvur tlu.m that in the first stage. As 
the iron uxidc -wan in pullot form the surface of contact 
bebwuon rutiucud ircai and graphito powder waa very much 
lower, Thius t,!iu catfdysin,". offoot was very much reduced. 
Also ihu CO~«untunt uf Uic gas was about 70 to 80 pot,, 
which luv/urud thu 0-00,, rufwtlon ratu considorably. This 
CQiil’iriisu that thu hlgjiur mboti obtained in tho second 
Btago in the uKpwrlmuntn on puwaui" mixture of oxide and 
grapliito wan duo t,o t!io catnlyoing effect of tho C-CO2 
roast ion by ruJuaud i.ron. 

Tliu .nctivfUitui unurgy could not be determined. 

t 

Howuvur, thu polntn ofjrruopunding to the ¥ values of tho 

c 

# 

two uxpui'imuntn uhuwn in the log Vs, 1/T plot shov/ the 
coinpnr'itivu rj’.teo. The vnluoo corresponding to the first 
ottigu reanunnbly .’viruv with thoso corresponding to the 
firut in thu puwdor mixture experiments, whereas 

thuuu i:t,>r tliu oucund »tn^|u imi much lower than the corres- 
ponding oucund oia^^o values in tho caso of powder mixture. 

Tiio above findings help us to confirm tho 


following ciorioluy ioim t 
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1) h'udunt. i>iti tn nuntrulltidi 

2) VlwiHj \v, itu nlf'jiiricr.mt 


by G-COg reaction 
catalysing effect in the first 


3) in t\'M uuijund ntw tlio reaction rate depends on the 
cxtuiii oi' cntfayninf: effoct un the G-COg reaction by 
rurhu'tnl He iron. 



CiiAMER 7 


Diruiiias: 

Pl-U.Uh't 


^ u tZ r wr iron oxides 

-.IlH (,HABU^E POV/DER KEPI III SEPARATION 


The litoraturo ourvey (Chapter 1) revealed that 
itil'ortnntionit ro#/arditifi the reduction of iron oxides ' by 
carbon worn iuok In,*^ in uoine respects. Investigations have 
been nuulu wlti'i pawdiur mixtures of the two reaotants. As 
ai«cnf.inoa in 'ihnptorn I and Ci, those studies have established 
that t\") Iran I rioatiujt roaotion, which la chemically controlled 
by and lux'i^u, ounirijl.'i the rate of the overall reaction. 
However n p(wanr mixture of iron oxide and carbon does not 
aimilato tha nature! of dlnporyion of the reactants as 
uncouiiborrsil iti lisa j-otary kiln process of sponge iron making. 
Alao catalyniij by roduood iwu complicates the interpretations 

TltitjrtM’o re thin investigation on reaction of iron 
oxide pellet with graphite powder was imdertaken. The oxide 
and grapiilto wuro kept in neparation because intimate contact 
oucii an in pulletH of powder mixtur©s» is not present in a 
rotary kiln. 

The influence of the distance of separation between 
the reactantaj ao witJl as of temperature on the rate of 
reaction wore utudiod in the present investigation. The 
oepai’atica-t of the reactants allowed us to avoid any catalysis 
prenumalily rodueod iron through contact. 
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TUuru v«u> no uxUrnta gas flow during the reaction. 

'Dliu vjiUtjluj oi: tho reaction cell (Sac. 2-1.3 and Pig. 

2.2) wuo Iwvi oiwdl {npproK. 3 cc). Also the outlet from the 
cell win fairly routrictod, because it was a very narrow 
hole iO,'ib nm i.d.). Both these precautions helped in 
loworifUl thu liifluonoo oC the surrounding atmosphere on the 
roactluu. 

Thu coiiipofi itlon of tho product gas as well as its 
flow rutu vmru inuauurod. By suitable calculation procedure 
(Sue# 4-1’) it wmi pouiiiblo tes find out the instantaneous 
rates of oxypiau iiutd carbon loss as well as the cumulative 
rates of ihu nninu no n ftinctlon of time. Gross-checking of 
these oaloulatud valuon wuo possible by weighing of the oxide 
and graphi tu n»jp?iratuly boforo and after tho reaction. The 
diotancu of auparntlon botwuen the oxido and graphite also 
could bo varied for dote mining its influence on the 
roue t ion rntyn, 

Thu ruuulia of these investigatloiB are presented 
in Appundix Al . Kxpwrijnyntal conditions for all the 
o'xpuriiatintu arc ohown in table 4#3« 
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7-1 ui-;n.o:)iK;itui,iTY amb ehrors op measuremt 

7 - 1.1 Eri'ori: in 1‘uinpamturw Measurement 

Thu orl/sima arrangement for measurement of 
tempo raturo vvae vsi ahovm in Figure 2.6* It was found that 
the rt/io pet. Eh wire wao bx’oaking off very often. Thus 
tho inouniirutiJont vf Uinipumtiu'e inside tho reaction chamher 
could not bu uonlitmud for most of tho experiments , 

Excoptiiw fon uKporiwonto 7 and 9 (table 4.3), there was no 
insitn tumpurnturo mu unni, “umont* In aoparato experiments 
without fchu C3Z tnbu, thu tumpumturos wore measured both 
inoido mul uutuldy the reaction chamber, keeping all the 
otiiur pivratnu If) rn tiiu name. Thin nhowed that the temperature 
inoidvi tho rune t Ion chiusibur wan 6”C or so lower than that 
outoido thu chumbur, Thlfi difference between the temper- 
aturo innidc and outnidu thu reaction chamber was used for 
correct in,' thu ivnctiun turoparature. An accuracy of +2^0 
can bu cinimud fur tl»u tuwpumtui’e control. 

Thu tuinpuj'fittiry inside the reaction coll containing 
Pu,^0v, and C could not bci meaaired. Investigations on 
powder wixtairun w.f ^ revealed a tomporaturo drop 

of about uu H reeuit of the endothermic reaction. 

In pu.Lb5t*-grfi}iiiity reaction the rates aro smaller by an 
ordui’ of I tndo * iluno© tho tomporaturo inside tho cell 
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is oxjHJCtua tn bo oaly a fow degrees centigrade lower 
ooiiipnrua to tlw tompuraturo measured by themocouple. 

Kri’ur;: in thu Bytymination of Gas Composition 

.! iiy ruiiction ooll hod an inner volume of about 3 cc 
only at tliu rwAxiimm aiotance of separation. The only outlet 
for the ^aooo was throiagh the 0.75 im i.d. aliuaina 

tube providod nt fchu oontro of the IM of the cell. As the 
GSZ iubu wiui jionLad tm thy alumina tube outlet (Figure 2.5), 
thy KW uu r run pond in,'-' to thu gfis composition was monitored 
as soon an tliu yuf* oiutw out, Aa thy volumo of the reaction 
ooll wan uwaU oomparud to the goa uvolution rate (about 
5 CO pur rainuto) Ilium could not be any appreciable time 
lag in iiiwaouruiiiunt • 

An wtmlionud in Sue. 6"'2.1 and as shown in table 
4.1, thu calibration of eolld oxMe electrolyte cell by 
Hg/iij,© jutKtury ohowud tlmt tlio measured ratios were in 
agruumunt with thoau oxpcjctud within 5 pet. 

7-1.3 I'irrorn in Flow Munauroraont 

U wan lafurrud in Sue. 6-2.1 that the capillary 
flowmcturi} ueod for woaauring flow rates of the product 
gaa (UO 4 C0«) wut'u giving good results. Capillary Ho. 1 
was amployod for itwawuring flow rates in the polio t-graphite 


aystiiB. 
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7-1.4 Clv.M'ulJ, Kuproduotbility and Miasurement Accuracy 

Hy u number of experiments Initially, 

the i'up,roat4cibility of the system was established, figure 
7.1 ;:;how coinpartaon ol' Ah Vs, Pet. reduction curves for 
expurimento 17, ?1 and 22 conducted at about the same 
temperature of reaction (9560C), As the zero time selected 
for tiitmUorhu^ thu Ah and values was arbitrarily chosen 
in each gKp<. r.linunt un thu baa la of qualitative judgement, 
there ir, imw latorai d la pin cornu nt In the va3.U0s plotted 
for thu Initial puriodn. It can bu soon that there is 
fairly good ni'ruwniurjt nt thu ntundy state region. Ihe 
cumulative wul^'iit lainiun of ojgrgon and carbon calculated by 
numoriual Intuf.rntlan of iimtantanoous rates (Sec, 4-2.5) 
were imitchtid with thu uxpurlmon tally moasiired weight losses. 
Por a imrabur of uxpuriiuwnte the difference between the 
caicuiatud mid the uxpurimuntal weight losses were within 
5 to to pet,, mu muy ho smn from table 4.5. Therefore it 
may bo utntod that tlsw rate meaauresients had accuracies of 
S to 10 pot. Thin iu conaidered to be fairly good. 

7-2 VMiUTmU OF HATBS, OAS COMPOSITION AND TBMPEHATUEB 

vifini pimmm o? heaction 

Mufiuurud pariiitiuters such as Ah of flowmeter and 
of uni id UK Ido olectrolyte coll were fo\and to vary with 
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thu of runctlon (Finuro 4.2). It was decided tlmt 

for into rprutafc ion purpoaes pet. reduction io a better index 

of the extent of reaction than time. Figures 7.2 to 7.7 

» • 

show-4‘/^ ,-W^, gfi3 composition and temperature as functions of 
pet. reduction for porous as well as dense pellets at 
various diutiuicuo of oupnrution* 

Duu to thu riMturu of the experimental technique 
chooun it Wfu) nut punnibiu to liavu a conotemt temperature 
from thu Uuginnini4 uf 4*uaotion8 to the end of reactions. 

The introduction of thu CSZ tube into the reaction chamber 
demanded clow rate of heating due to its oenaitivity towards 
thumal shock. Heating from room temperature at which the 
sample was Inti'oducud into the reaction chamber, to the 
reaction temperature (steady state temperature) was done in 
about 20 to 25 hours, Ihua it was unavoidable that some 
reactions took place during the process of heating. However 
ito extent wao not signif leant. This slow heating also did 
not render the experiments otrictly Isothermal. Temperature 
varied to aomu extent during the course of the reaction as 
may be noted in figures 7.2 to 7.7. Experiments conducted 
at higher tempo xtitures (above 1000°C) suffered more from 
such errors. At low temperatures the reactions were 
extremely slow and took vsiy long time to yield appreciable 
extent of roduction. This is what happened in experiment 19 
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(table 4.3). Thus it was decided to do most of the studies 
at an intermediate temperature of about 950°C., Experiments 
17, 21 , 22, 23 and 24 were conducted at around this temper- 
ature. The reproducibility of these experirents has been 
demonstrated by Eigure 7.1. 

Tor the sake of explanation the plots of-W and 
-W^ Vs. pet. reduction may be divided into four regions as 
shown in Eigure 7*3. In region I the reaction starts and the 
rate increases till a maximum rate is reached at the peak. 

The rate of reaction decreases from the peak value to a 
steady state value in region II. In region III the reactions 
reach steady state. Temperature and gas composition also 
remain constant in this region. As the reaction continues 
further there is scarcity of oxygen available for gasification 
to continue. The rate decreases drastically. This is 
indicated as region IV in Eigure 7.3. 

Figure 7.8 shows the gas compositions in coexistance 
with various condensed phases in the iron-oar bon-oxygen 
system over a range of temperature. It has been reproduced 
from Grhosh and St. Pierre because the latter checked 
the consistency of all available standard literature data 
and presented the most appropriate values. 

Table 7.1 also presents the equilibrium gas 
compositions for all the experiments both for CO— C— CO^ 




M DIAGRAM 



159 


Table 7.1 


Percent GO Expermental and in Equilibrium with 
and 



Expt . } Temp . , 
Eo. ; oQ 


Equilibrium 
pet. CO 
calculated 


pet. GO 
experimental 


Equilibrium 
pet. GO 
calculated 


(Ee - Ee 0) 

iX. 


(CO-C-COg) 



7 

1001 

72.0 

9 

1007 

72.2 

14 

1018 

72.5 

17 

956 

70.5 

18 

1017 

72.5 

19 

^840 

67.0 

20 

926 

70.0 

21 

957 

70.6 

22 

956 

70.5 

23 

958 

70.7 

24 

957 

70.6 

25 

986 

71 .7 

26 

975 • 

71 .2 

27 

972 

71.3 

28 

974 

71.2 


82.6 

99.5 

85.0 

99.8 

87.2 

99.8 

84.0 

98.5 

85.2 

99.8 

82.6 

89.5 

88.1 

98.0 

87.7 

98.6 

87.9 

98.5 

87.6 

98.7 

84.6 

98.6 

87.4 

99.2 

81 .8 

99.0 

83.0 

98.8 

90.9 

99.0 



Pet . reduction 

FiG.7-9 COMPARISON OF RATES OF RE ACTI ON FOR POWDER MIXTURE PRESSED 
AND UNPRESSED , MICRO-PELLET-GRAPHITE MIXTURE AND PELLET-GRA 
PHITE IN SEPERATION AND IN CONTACT 



that there was one sharp peak followed by a steady state 
region corresponding to wustite to irpn reduction. 

Thus one may note the systematic decrease of the 
second peak from powder mixture to micropellets to I'e^O^ 
pellet. Total elimination of the second peak was achieTed 
by separation of the pellet from the graphite powder 
physically. Otsuka and Kunii^^^^ as well as Chapter 6 of 
this thesis explained the second peak observed in the powder 
mixture studies by catalytic action of reduced iron on the 
gasification reaction. The data shown in T'igure 7.9 confirm 
it. The extent of catalysis would depend on the amount of 
contact between reduced metallic iron and carbon. In powder 
mixture the contact would be most extensive. 

It may also be noted that the reaction rates in 
powder mixture were about 5 to 6 times larger compared to 
those in the pellet-graphite system even during the initial 
stages when catalytic action of metallic iron was presumably 
absent. Experiments 23 and 24- for which the distances of 
separation between pellet and graphite were 0.0 and 0,25 cm 
respectively showed a decreased rate in the initial stages 
as compared to the rates in experiment 17 (distance of 
separation = 1.6 cm) for the same stages of reduction. Thus 
one may be tempted to believe that the volume of the 
product gases exposed to the reactants has some effect on 
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the rate in the initial stages of reduction. A discussion 
on this shall he taken up later. 

7-3 BEHAVIOUR PADTEEH II THE STEADY-STATE HEGIOI 

Tables in Appendix AI and Eigures 7.2 to 7.7 show 
that the constant rate i.e. the steady state (Region III in 
Eigure 7.3 for example) was accompanied by steady gas 
composition and temperature. Since the behaviour is most 
uniform here, an effort would be made first to interpret 
the behaviour in this region. 

As mentioned earlier (Secs. 5-3 and 6-2.2), E 

(Rate of fractional loss of weight of carbon, in sec ) has 

been used for comparison of rates of gasification. Since 

the rate of gasification of carbon is proportional to its 

weight approximately^^ , E^ rather than (which varies 

with the weight of graphite), is considered to be a better 

index for comparison of rates. Also as discussed in Sec. 

6-2.2, E is a parameter of more fundamental interest than 
c 

since the gasification reaction rather than reduction 
reaction is likely to control the rate of the overall 
reaction. 
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7-3.1 Activation Energy 

Figure 7.10 shows the plot of log Vs. ^ for the 
steady state. Distances of separation between the pellet 
and graphite powder were the same for all the data points '■*** 
included. The straight line was obtained by least square 
fitting of the data points. The value of activation energy 
obtained is 75 Kcal/g mole. 

The gas compositions were slightly different from 
experiment to experiment (84-89 pot. CO). However, this 
should not affect the activation energy much.. The three 
data points clustered together at about 9560C = 8.14x10“'^) 

had also different gas compositions (84-88 pet. 00). As 

can be seen this variation did not lead to much difference 

« 

in F . 
c 

The activation energy for gasification of carbon 
by CO 2 as obtained from literature is in the range of 60-90 
Kcals/mole.^^^’^®’^^^ The activation energy obtained for 
the present investigation using powder mixtures of oxide and 
graphite, in the absence of ‘catalytic effect ?/as found to 
be within 70-75 Kcals/mole (Sec. 6-2.2). Therefore the 
value is consistent with control of rate by the gasification 
reaction, which is chemically controlled. 
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7-4 lEPLUENCE OE DISTANCE OF SEPARATION ON REACTION RATE 

Figure 7.11 shows the variation of steady state F 

* ^ 

and F^ as a function of the distance of separation between 
the pellet and the graphite (l) at 957°C (i.e. 1230OK). 

The influence of distance of separation seems to be signifi- 
cant. The rate decreased with increasing distance of 
separation linearly. This indicates that mass transfer in 
the gas phase between the oxide pellet and the giraphite 
powder influenced the reaction rate, 

7-4.1 Mass Transfer in the Space Between the Ferric Oxide 
Pellet and the Graphite Powder 

The two reacting surfaces, viz., the oxide pellet 
and the graphite powder were separated by a space filled 
v;ith product gas mixture (Figure 7.12ajpage 174). The rate of 
reaction at each surface would be influenced by the avail- 
ability of the reacting gaseous species. Through this space, 
carbon monoxide for reduction of the oxide was transferred 
from the graphite siorface to the oxide surface, while carbon 
dioxide for gasification was transferred in the reverse 
direction i.e, from the oxide s-urface to the graphite surface. 
Besides molecular diffusion, natural convection is expected 
in this gas space. 



WoXlO^ and-Wc x 10^,g/sec 



Distance of separation ,c 


IG.7-11 -Wo AND -We AT*44 Pet 
FUNCTION OF DISTANCE 
fpxDts, 23 ,24 & 17 ), 
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7-4.2 Hate of Counter Diffusion of CO and GO^ in the Gas 
Space ^ 


The type of flow prevailing in the space between 
the pellet and the graphite can be assessed by calculating 
the Reynold’s number (Re) 


Re 


PVd 


PQ 

‘^/4 d^ 


d 


where 


or, 


d = I.D. of the crucible = 1.5 cm 
Q = 0.1 cc/sec. 

P = 0.3 X 10”^ gm/cc 
p- = 450 X lO"^ poise 


Re = 0.5 X 10~^ X 4/ X 0.1 ^ ^ 

4.50 X 10""^ X 1.5 

This is an approximate assessment, but definitely 
shows that laminar flow prevails. Reduction of the oxide 
by CO is equimolar counter-current whereas the gasification 
reaction involves imequal molar f line es of the reacting CO^ 
and the product CO gases. At the steady-state, diffusion 
and convection arising from unequal counter flinces would 
lead to the following equation.'’ 

D. dp. p. 

^±z “ It * di^ ^ ‘^iz 


(7-1) 
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where Z is the vertical co-ordinate, 

= Diffusivity of the i'*'^ species, cm^ sec"”* , 

Pgi = Total pressure, atm., 

^ = ^2.06 cc atm./gm.mole . °K, 

'^iz ~ species in z-direction in gm. 

moles/sec. cm due to the combined effect of 
diffusion and convection arising from unequal 
counterflux. 


*^12 “^002 » ^ '^iz - '^COp + ^CO 


~ Mole fraction of GO^ in the gas 


‘■QQ^ — Mole fraction of CO 2 in the exit gas . 


Noting that Pm is equal to 1 atm., 


^nn “ Pr 


( 7 - 2 ; 


Also Dqq ■= Dqq = D because it is a binary gas 

2 mixture . 


Hence, 


D ^^2 

EF • — di— + PC02(‘f002 + ^Co’ ■ <7-5) 


Again , 


^GO “ ^0^ 

^GO " ^GO' 


2 - X, 


1 + X. 


(7-4) 
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How , 


*^00 i®HSL-n_ and also J„^ is 


GO 


negative with respect to J^q . Therefore, 


GO 


CO 


00 , 


1 + X, 


ex 

GO. 


(7-5) 


or, 


^00 ^ '^ 00 , 


“ ^002^^00^ 


“ ^ C 02 * ^^002 


(7-6) 


Combining eqns. (7-3) and (7-6) 


Pno 

(1 + n X®^ ) ” " ^ * ^0? * 

^ ‘ ^ PcOo * ■^COo^ ^ 


(7-7) 


At the steady state, J^q is a constant. Integrating within 
the following boundary conditions (Figure 7-12a), viz. 

At the bottom surface of the oxide pellet , 


z = 0, p = 


o 

Pgo, 


(7-8a) 


and at the top surface of graphite, 

z = 1, 


Pco 


2 


Pco, 


(7-8b) 


one obtains, 

2.3 


,ex 

^GO. 


log 


^ 1 v-ex 

^ ^^^2 * ^^^2 


^ PCO 2 * ^002 


RT T 

D ‘ CO. 


. 1 


(7-9) 
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Rewriting equation (7-9) 


1 + 

^COg • -^CO^ 

i 4- 

1 + Pqq^ . 


(7-10) 


Assuming that, pj = P jj^ equilibrium with carbon 

2 2 

and Pqq = p^Q in equilibrium with Pe - Pe 0,with the 

2 2. X 

following data of experiment 17, viz. 


1229°E. 


2 

D = 1 .756 cm /sec, d- = 1.52 cm 


1.6 cm, -W = 1.628 x 10“^ gm/sec 


~^o ~ 2.518 X 10“^ gm/sec 


0.295 atm. , 


0.015 atm, and x! 


0.16 


equation (7-10) yields 


<^G0 ~ 0.313 X 10 “^ moles/sec .cm^ 


A = 


-¥^ = 12 X i-n) = 12 X J„. XT d^ 


COg ^ 4 


= 6.872 X 10*" gms/sec. 


(7-11) 


The above value of is expected if equilibrium is assumed 
to prevail at z = 0 and z = 1. In this case tte value of 
^^GOg *■ ^COg^ would be 0.28 atm. Now it can be approximated 
that: 
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-w (tD° - -D^ 1 

c ^ ^PcOo 


Then the actual value of (Pqq^ - Vqq ) at the steady-state 


would be given as: 


/ O Is 


CO2 actual 


-W (Exptl. ) 
-W (Galccd. ) 


X 0.28 = 0.076 


If equimolal counter- cur rent diffusion were the case, then 


GO. 


D_ 
RT * 


'CO. 


CO. 


( 7 - 12 ) 


and under the assumption of equilibria at both surfaoes-W 

c 

may be calculated as 4.69 x 1C) ^ gm/sec. This value is 
lower than that obtained using eqns. (7-10) and (7-11) by 
about 50 pet. This is because the eqn. (7-12) ignores the 
convection term. The value predicted by eqn. (7-10) may be 
taken as the more realistic *one . 

In addition to the convection arising out of the 
nonequality of fluxes of GO and CO2, another source of 
convection is expected. Carbon dioxide is heavier than 
carbon monoxide. Also the C02-content of the gas layer near 
the bottom surface of the pellet is the highest. This 
would tend to set up convection loop similar to the ones 
that arise during induction stirring or thermal convection. 
However it is being ignored in this analysis because of the 
fact that this convection would be damped considerably 
due to space restrictions. 
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7-5 B.IA.SS TRIHSFER AMD CHEMICAI EEACTIOIT IlSUffl THE OXIDE 
PELLET AT STEADY-STATE 

LayGrwise oxidatiion. "besl: of "the papfially roduced 
oxide pellets (table 4«6) indicated by and lai“ge porous 
pellet type reduction. 

Since the reduction is porous pellet type, the 
reducing gas (CO) would diffuse through the oxide pellet. 
While it diffuses it would go on reacting with the oxide 
producing C02* Therefore a concentration gradient in CO 
and CO 2 would exist inside the pellet. Figure 7-1 2b depicts 
the situation. Let the concentration of CO and CO 2 at the 
bottom surface of the pellet be C^q and C^q for CO and CO 2 
respectively. The top layer of the pellet showed very 
little oxygen loss. Hence the concentrations there can be 
assumed to be those in equilibrium with Fe and wustite viz. 

°oo “oOj- 

The pellet is exposed to gas only at the bottom 
face, other surfaces being approximately sealed. Therefore 
the mass transfer geometry corresponds to that of a flat 
disc sealed on all sides except at one face. At the steady- 
state, 

Dg . ^^^i + \ ° ( 7 - 13 ) 

where = ^ 



Pellet 


Z = 0 


Z=L 



j 


-.0 

CO^ 


p*' 

CO 2 

Graphite 


FIG.7.12(a) MASS TRANSFER IN THE GAS SPACE 


I Z = o 



ir~i 

CO 2 CO 


F IG. 7-12 (b) MASS TRANSFER IN THE PELLET 
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Rate of generation of species i in gjn.moles/ 


cc .sec . 


= Concentration in gm.moles/cc 


How, for the geometry sketched in Pigure 7-1 2h, eqn. (7-13) 


can be simplified as 


e • d,2 


= 0 


(7-14) 


where C refers to concentration of .carbon dioxide as the i"^^ 
species. For solving this equation, a knowledge of the rate 
of chemical reaction: 


Pe 2 ^ 0 (S) + C0(g) = XPe(S) + C02(g) (1-6) 

(o^) 

IS required. Bickenese and Clarke ^ v proposed the following 
equation based on their experimental findings on reduction 


■of granules of wustite with mixture of CO and COg. 



[4.3,-13.800AT]^[^e^] 


( 1 - 10 ) 


A discussion on this has ali^eady been made in Chapter 1 . 
Out of ali literature reports, the rate equation (1-10) is 
the most appropriate one to the author’s knov/ledge for the 
present situation for the following reasons. 
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CD Blotenes. and Clan.e used snail particle sines of dde 
Of the onden of -30 + 40 to -12 + is mesh. They did 
not ^ind any influence of particle size on reduction 
rate because of sufficient porosity. Therefore it is 
expected to give the chemically controlled rate of 
reaction of gases with Individual grains in the pellet. 

( 2 ) The temperature range and gas composition range covered 
IS sijnilar to that of the present investigation. 

( 3 ) The eqn. (I-I0) deals with reduction of wustite to iron 
just as in the steady state here. Equation (1-10) shows 

that the kinetics is first order reversible with respect 
to carbon dioxide. 

Equation ( 7 - 14 ) has been solved in the literature^”' 
and the solution presented as; 


•n = 


tanh 0 j 


(7-15: 


where t) 


= effectiveness factor 

^actual rate for the whole pfiliA-h 


" ■ 

rate evaluated at the bottom surface conditions 

( 7 - 16 : 


r 

P 


and 


I( 


k,(K + 1) 


^ XX ~r i y 

' Q 

K • 5 “'' 


(7-17; 


= j = pellet thickness, cm 


where 1 
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Pg = density of solid oxide, gms/cc 
^0 ~ siuilibrium constant 

= forward reaction rate constant for eq.ri. ( 1 - 6 ), 
gm.moles/sec . (gm. of oxide) (C - G) 
r = local rate per unit mass of oxide, .gm. mole 0 / 
sec. (gm. of oxide) 

= f(C, T) 

rp = T)rg = Tif(Cg) at constant temperature 

^ Rl )» gill- mole C 02 /sec. (gm. of oxide) 


e 

Pqq^ “ partial pressure of CO^ in equilibrium with 
Pe^O - Pe , atm. 

T) may be obtained from p Ys. 0j^ curves also instead 
of calculating from eqn. ( 7 - 15 ). was calculated using 
the following relation^ 


^e,M 


( 7 - 18 ) 



1 


(7-19) 


e and x may be assumed to be 0.5 and 2 respectively 
for the’ present situation, 
relation given, by Bird et al 


may be obtained using the 

( 6 ?) 



•ns 


D, 


= 0.0018585 


t5/2 (-1— + 

‘“co, Moo’ 


^ “-“2 "^ 00 . 002 ^ 


( 7 - 20 ) 


where , M = molecular weight 

a = Lennard.- Jones parameter, in Angstrom 
^^0 00 ~ dimensionless furuction of the temperature 

and of the intermolecular potential field 


~ ^^^dsen diffusivit|-^^^ 


1 C "CO 

■3 m 1/2 

= 9.70 X 10 ^ . a{y~) 

^002 

For experiment 17 

T = 1229°K , = 2.518 x 10"^ gn/sec . 

I = 0.29 cm, 

= 1 .9162 gm, 

^CO, 


W = wt. of pellet 

ir 


K 


2 _ 0 ^ 2 ^ 
fe “ 0.705 


PCO 


( 7 - 21 ) 


= 0.4184, 


D = 0.404 cmvsec, 
0 


3.0 g/cc 


and 
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k, in eqn. ( 7 -I 7 ) waa deteimlned to be 2.9 3 gm. moles/seo. 

(gm pot. unit ( 0 ^ - c) ualng data of Blokeneae and 

Clarke . The calculation procedure is given in Appendix 
AV. Ualng equation (7-17) the value of ^ was obtained as 
2.54 for experiment I 7 for which the data are given above. 
Effectiveness factor ( 1 ,) for this case was 0.392, using 
equation (7-15) and taking a value of 0.995 for tanh 


- W 


1 


1 


0 ‘ 16 • W- 
P 


(7-22; 


= 2.518 X 10“5 xi^x ^ 


16 ^ 1.9172 


- 0.082 X 10 ^ gm.mole 0/sec. (gm. oxide) 


Then, 


e 

Poo. 


- P, 


00 , 




= 0»21 X 10~^ X 82 X 1P2Q 

2.953 


= 0.069 atm. 


Assuming 

PCO 2 

e 

at the 

top surface of the pellet 


Poo 

= foo 

at the 

top surface . 



= 0.705 

atm. 


Therefore 

0- 

PqO 

= 0.705 

+ 0.069 
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0-774 atm. at the bottom surface of the 
pellet. 

ITow, pJq = 0.774 + 0.076 

= 0.850 atm. at the graphite surface, 

and p®Q = 0.774 + — 

= 0.812 atm. at the exit end of the alumina 

tube . 

a? the alumina tube was placed mid -way between the oxide 
pellet and graphite powder. For experiment 17 the calculated 
exit gas composition matched well with the experimentally 
determined value of p^^ = 0.84 in the product gas at steady 

state. Table 1,2 shows the calculated and experimental 
values of Pqq for a number of experiments . The agreement 
between the two gas compositions, are fairly good. It may 
be noted that the exact location of the exit end of the 
alumina tube was difficult to, assess. Thus there could be 
some error in the calculated gas composition on this account. 

7-6 MASS TRANSFER IN GRAPHITE. POWDER 

The analysis here is similar to what has already 
been carried out in Sec. 7-5. This is a case of diffusion 
in pores coupled with chemical reaction. The effectiveness 
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Table 7.2 Calculated Values of k. , K , ^ , r , p® -p® p® 2 c 

V e’ -^p’ Pco PcO» Pco 


and Experimental Values of -¥ and 


Sxpt . 

Ho. 


ik^ gm. 

moles 
per 
sec . 
per 
gm. of 
oxide 


K 

e 


! 

t 

r\ 

-¥ 

0 

m/sec . 
(Exper- 

r 

P 

gm.mole 

0 per 


1 


imental ) 

isec . 





Iper gm. 
:of 





oxide 


e o 

^co"*Pco 

aimi. 


ex 

Pco » 

calcul- 

ated, 

atm. 


^00 
expe- 
rime- 
ntal , 
atm. 


7 

4.07 

0.389 

6.05 

0.165 

3.210 

0.051 

0.080 

0.840 

0.84 

9 

4.22 

0.385 

5.85 

0.170 

3.720 

0.062 

0.090 

0.850 

0.86 

17 

3.05 

0.418 

2.54 

0.392 

2.518 

0.082 

0.069 

0.812 

0.84 

20 

2.54 

0.429 

CX) 

• 

C\i 

CO 

♦ 

o 

0.529 

0.018 

0.016 

0.756 

0.89 

22 

3.05 

0.418 

2.58 

0.386 

2.340 

0.080 

0.069 

0.812 

0.88 
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factor ("n) and the modulus have similar significance 

here as in Sec. 7-5. However, the reaction mechanisms and 
thus the rate equations for the two cases are different. 

E'er the reduction of iron oxide, a first order reversible- 
rate equation was applicable . The gasification reaction on 
the other hand obeys the Langmuir— Hinshelwood kinetics for 
which the rate expression was discussed in Chapters 1 and 6 
(eqn. (6-1)). Roberts and Satterfield have defined the 
dimensionless modulus (0j) applicable for this situation as: 


0. 


2 

/ L y ^ observed reaction rate 
'‘1 gross graphite volume 


• °00 


(7-23) 


where L = thickness of the gr'Sprh-ite bed, cm. 

1 


'CO, 


■CO, 

W 


= concentration of CO 2 at the surface, 
gm. moles/cc 

As can be seen from Pigure 7.13 reproduced here 
from Roberts and' Satterfield^^^\ t1 is quite sensitive to 
the value . of Kpi« , where 


■2 


K = Absorption coefficient 

^C02 

■ " 5^ • ^2 '’co^ 


0) 


(7-24) 
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^CO “ Stoichiometric coefficient 
= 2 


D 


arid 


u 


1 + 


D, 


CO, 

'CO 


^CO, 


.■ I. 


GO 


The values of L and c at the beginning of the experiments 
did nat remain the ^ame up ta the end* Thickness <jf graphite 
bed was measured before the reaction was started after 
the reaction was over. The average of the two thicknesses 
was taken as L. 

Dg used for deriving was obtained in the same 
way as in Sec. 7—5. The influence of Knudsen diffusion is 

negligible. J^or. molecular diffusion, /D^q) = 1 . 

1 / ^ 

(i.e. the concentration of CO^ at the top surface of 

graphite) was’ estimated by subtracting the difference 


SX 1 \ 

) obtained by mass transfer analysis in the gas 


^^062 " ^C02 


space (Sec. 7-4) from the measured value of . Table 7.3 

1 1 ^ 

shows the values of p^^ ^ ’I different 

2 e ' 2 

temperatures and stages of reduction. The experiments for 
which p values have been presented were all conducted at 
different steady state temperatures. 

Too much reliance cannot be given to the mass 
transfer analysis given here. p is quite sensitive to 
.errors in gas composition, L, and Kp^^ . The values of 
Jj and c would contain errors. Also the tortuosity factor 
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Table 7.3 


Values of 


1 

PGO2’ 


D, D 
’ e 


} 0-r- and 5 for Different 

P002 


Temperatures and Stages of ^eduction 


Expt 

No. 

. I Position 

1 

1 

Temp . 

-W x10“^ 

C 


I ^COp 


1 1 

t 

t ^ 

1 

f 

D 

1 

j 03 


t 

f 

1 

1 

1 

-1 - - 

OR 

1 

g/ sec , 

^tm. 

1 ^ 
t 

J atm. 

f 

t 


t 

1 

f 

f 

f 

cm^/ 
sec . 

jcmV 

{ sec 

t 


Region III 

1274 

2.00 

0.152 

0.941 

0.6153 

0.30 

1.858 

0.426 

7 

Pealc 

1263 

4.70 

0.547 

0.791 

0.4113 

; 0.65 

1 ,839 

0.422 


Region I 

1246 

2.72 

0.817 

0.989 

0.1600 

0.25 

1.796 

0.413 


Region III 

1280 

2.43 

0.112 

0.925 

0.870 

0.28 

1.883 

0.431 

9 

Peak 

1260 

3.82 

0.502 

0.980 

0.530 

0.21 

1.830 

0.420 


Region I 

1246 

3.22 

0.587 

0,986 

0.239 

0.2211.796 

0.413 


Region III 

1229 

1 .63 

0.122 

0.973 

0.550 

0.22 

1 .756 

0.404 

17 

Peak 

1227 

3.57 

0.275 

0.985 

0.637 

0,13 

1.756 

0.404 


Region I 

1201 

1 .14 

0 . 562 

0.989 

0.100 

0.31 

1 .690 

0.390 


Region III 

1199 

0.36T 

0.080 

0.980 

0.191 

0.33 

1.686 

0.390 

20 

Peak 

1200 

1.16 

0.447 

0.993 

0.116 

0.25 

1 . 686 

0.390 


Region I 

1170 

0,64 

0.455 

0.996 

0.064 

0.30 

1 .618 

0.375 


for all calculations were taken as 2, which is a simplifi- 
cation. 

looking at table 7*3 it may be stated, that the 
mass transfer inside graphite seems to offer some resistance 
to the gasification process. However t) was approximately 
the same for the steady state at various temperatures. 
Therefore it should not affect the value of activation energy 
appreciably. This is consistent with the high value of 
activation energy representative of a chemically controlled 
reaction (Sec. 7-3.1). 

7-7 EXPLAMTIOH OP THE SHAPE OP -W Vs. POT. EEDUCTION CURVES 

c 

• « 

Pigure 7.3 show that -W^ and -W^ when plotted 
against pet. reduction can be divided into four regions. 

In the beginning the rate is. low. Then rate increases with 

progress of reaction till it reaches a peak ani then 

% 

decreases again. After that the rate remains constant for 
a reasonably long period. Towards the end it drops. So 
far the discussion primarily centered around the steady state 
region (region HI). In this section attempts would be 
made to explain the overall shape. 

On the basis of the earlier discussions it would 
be assumed that the rate is controlled by that of the 
gasification step. The rate of the gasification reaction 



depends strongly on the temperature and composition. 
Both of these vary during the progress of the reaction. 

The calculation procedure for i in pure C0„ has 
already been discussed in Sec, 6-1.2. The reacting gas in 
the pellet-graphite system was rich in CO and thus the rate 
equations for calculating had to be modified. Using 
equations (6-1) , (6-3) and (6-6)^^^^ the following rate 
expression was obtained for in a CO/CO^ gas mixture. 


B 


h ^i PCO2 
^2 Poo 


sec 


-1 


(7-25) 


The values of Ig and may be computed from Bigure 6.2. 
Calculations of B^ in CO/CO^ mixture from own reactivity 
data in pure CO 2 were based on eqn. (7-25). 

Bor gaification of carbon in a GO rich gas, 
Turkdogan and Vinters gave the rate equation as: 


c = (1 + Poc/?'oo)®° 


(7-26) 


The temperature dependences of 0 ^ have been f ovind to be as 
follows . 

( i ) Coconut Charcoal 
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(ii) Metallurgical Coke 

log + 8.60 (7-28) 

(iii) E lectrode &rar>hite 

log 0^ = - 4- 7.68 (7-29) 

0QQ may be calculated from the following equation^"^^^ 

log 0QQ = - 3.46 (7-30) 

for graphite and coke. The walue of 0qq for charcoal was 

(42) 

more by a factor 4. Thus the temperature dependence 

of 0QQ for charcoal was obtained as: 

log 0CO = -^^+4.06 (7-31) 

♦ 

E values calculated on the basis of the above 
c 

equations along with the experinent ally measured values in 
pellet -graphite system are presented in table 7.4. 

In order to take care of the differences amongst 
the various graphite samples, all values were normalized 
with respect to those at the steady states . Eet Y denote 

this ratio. Then 

W at any percentage reduction 

* . ■■ 

, W at the steady state 


Y 


(7-32) 
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♦ 

Table 7.4 Comparison of Values Calculated Using Eq.ns. 7-25 and 
7-26 and Obtained Experimentally 


Expt . { 

No. istage; 
{and { 
{pet. { 
{redu- { 
{ction{ 

Temp. 

OC 

pet. 

CO 

L,, ... .... 

5 -1 

E^xlO , sec , calculated from various 
values of reactivity of c§p?bon 

Exper- 

imenlsl 

E xIO^, 
c 

-1 

(Sec 

r 

r 

Rao et . , 
al(38) 

graphite 

Turkdogan et 

r 

Charcoal { {G-raphite 

IC02-C 
[reacti- 
[vity of 
Ithis work 


I 

•1.5 

826 

19.0 

0.002 

1.031 

0.025 

0.0030 

0.014 

0.137 


4/7 

878 

48.6 

0.008 

1.773 

0.041 

0.005C 

0.021 

0.290 


7.3 

897 

50.7 

0.021 

3.056 

0.073 

0.008 

0.036 

0.415 


II 







0.086 

0.750 


11 .8 

927 

51.5 

0.082 

7.422 

0.183 

0.022 

20 

18.7 

925 

51.3 

0.075 

10.944 

0.173 

0.021 

0.082 

0.650 

21.9 

927 

63.5 

0.051 

4.641 

0.111 

0.014 

0,053 

0.477 


III 








0.230 


27.2 

926 

88.1 

0.012 

0.988 

0.023 

0.003 

0.012 


33.1 

927 

89.3 

0.011 

0.674 

0.016 

0.002 

0.011 

0.246 


I 

4.4 

908 

40.9 

0.052 

6.152 

0.152 

0.018 

0.075 

0.506 


9.0 

928 

40.2 

0.014 

11.511 

0.294 

0.036 

0.141 

0.755 


12.0 

937 

39.8 

0.207 

15.120 

0.393 

0.047 

0,186 '■ 

0.862 


15.3 

945 

40.3 

0.293 

18.559 

0.488 

0.059 

0.229 

0.968 


II 

20.9 

954 

68.7 

0,134 

8.168 

0.199 

0.024 

0.093 

2.306 

17 

26 .8 

955 

82.7 

0.066 

3.869 

0.092 

0.011 

0.044 

1 .021 

32.1 

958 

83.7 

0.069 

3.904 

0.093 

0.011 

0.045 

1 .071 


III 

34.7 

956 

84.0 

i 0.063 

3.611 

0.086 

0.010 

0.042 

1 .052 


53.3 

956 

84.0 

1 0.062 

3.369 

0.081 

0.010 

0.042 

1 .052 


Continue. . . 
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Table 7.4 (Continued) 


Expt 


Stage 

and 

pet. 

redu- 

ction 


Temp 


pet . 
CO 


, , sec , calculated from various 

I values of reactivity of carbon 

;^^(38)’ ' Turkdogan et al^^^^ P°2-C _ 

GraphitelCharcoai; * I Graphite 1 


Turkdogan et al^^^^ jC02-C ^ 
_Charcoal| “et. 


Exp er- 
imental 


E x10' 
c 


2.7 

907 

19.1 

0.142 

14.456 

0.412 

0.049 

0.021 

0 . 668 

6 .0 

921 

30.0 

0.152 

14.173 

0.381 

0.046 

0.178 

0.843 

9.8. 

II 

930 

34.5 

0.188 

15.140 

0.394 

0.047 

0.189 

1 .018 

18.6 

944 

56.5 

0.145 

10.045 

0.249 

0.030 

0.116 

3.171 

23.9 

950 

76,5 

0.135 

4.923 

0.112 

0.014 

0.056 

1 .849 

26.9 

III 

952 

86.3 

0.044 

2.653 

0.063 

0.008 

0.031 - 

1.170 

44.9 

956 

87.9 

0.045 

2.567 

0.061 

0.007 

0.030 

1 .014 

52.8 

957 

88.4 

0.045 

2.289 

0.055 

0.007 

0.029 

1 .030 

I 

1 .8 

937 

2.4 

3.845 

80.727 

4.668 

0.564 

3.452 

0.584 

3.3 

956 

3.2 

6.557 

116.636 

6.478 

0.779 

4.339 

1 .051 

6 .8 
II 

973 

14.5 

3. 616 

98.740 

3.623 

0.435 

1.836 

2.648 

JL JL 

11 .7 

990 

41 .5 

1.970 

64.264 

1.662 

0.200 

1 .145 

4.575 

18.6 

1004 

47.5 

2.776 

67.350 

1.907 

0.229 

0.889 

2.998 

23.1 

III 

1004 

63.1 

1 .506 

39.140 

1 .044 

0.126 

0.482 

2.103 

32.9 

1001 

82.6 

0.483 

14.032 

0.355 

0.043 

0.162 

2.000 

49.4 

999 

84.1 

0.398 

12.300 

0.303 

0.036 

0.137 

1 .740 

I 

1 .2 

920 

1.9 

2.273 

56.777 

3.358 

0.404 

2.700 

0.288 

2.8 

930 

2.4 

2.884 

68.885 

3. -929 

0.473 

2.899 

0.431 

2.9 

943 

4.8 

2.860 

78.897 

3. 807 

0.457 

2.328 

0.602 

9.0 

II 

973 

37.5 

1.120 

42.928 

1.207 

0.495 

0.658 

3.080 

13.3 

987 

46.0 

1.450 

46.795 

0.978 

0.118 

0.596 

3.654 

22.3 

1009 

76.4 

0.526 

14.456 

0.368 

0.044 

0.296 

2.487 

26.7 

III 

1008 

80.4 

0.758 

19.298 

0.493 

0.059 

0.229 

2.391 

42.9 

1007 

85.0 

0.995 

23.454 

0.606 

0.073 

0.161 

2.324 

48 •& 

1007 

85.5 

0.506 

13.200 

0.336 

0.040 

0.156 

2.305 
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Table 7.5 present y values obtained by calculations using 
eqns. (7-26) to (7-31) for the three types of carbon 
investigated by Turkdogan and Vinters and using eqn, (7-25) 
for the values obtained by Rao and Jalan as well as this 
investigation in pure' CO 2 . 

Table 7.5 shows that so far as y for the peaks are 
concerned} experinental values match with those calculated 
in some experiments, whereas in some others the calculated 
y is greater than the experimental values by a factor of 
2 or 3. ■ 

m - 

Figure 7.14 presents F calculated by the various 

* 

methods as described above and experimental F^. It is 
clear that the qualitative natures of the curves predicted 
by calculations agree well with the natures of the curves 
found experimentally. There is quantitative disagreement, 
an aspect which shall be taken up later. 

Table 7.3 presents values of the effectiveness 
factors (t)) for reaction of graphite with CO 2 . No clear 
cut pattern of difference between n at peaks and t) at steady 
states could be found. Therefore partial mass transfer 
limitations in graphite would not as such, account for 
differences in rates at peak and at steady state. 

Again referring back to table 7.5 the calculated 
Y -values for the stage I are 3 to 7 times greater as 
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Table 7.5 


Expt . 
Eo. 


(V-..) 


Position 
on the 

Vs. 
c 

pet . 
reduc- 
tion 
curve 


Temp , 
°G 


Pet, 

CO 


T — — 

J Calculated 1 

■ t 

1 Turkdogan and Vinters 

Rao 

! 

[Prom 

[react- 

!ivity 

values 

in 

this 

inves- 

tigat- 

ion 

Charcoal 

1 Met. 

! coke 

r 

[Graphite 

■and 

Jalan 


Exper- 

imen- 

tal 


7 

Region 

I 

973 

14.51 

8.030 

1 

Peak 


990 

41.49 

5.22 

9 

Region 

I 

973 

37.50 

3.25 


Peak 


987 

46.00 

3.55 

17 

Region 

I 

928 

40.17 

3.42 

Peak 


954 

68.73 

2.42 

20 

Region 

I 

897 

50.73 

4.53 

Pe^ 


927 

51.52 

11.01 

22 

Region 

I 

930 

34.5 

6.61 

Peak 


944 

56.53 

4.39 


11 .95 
5.48 

12.08 

5.55 

9.08 

4.95 

13.40 

8.35 

1 .52 
2 ,63 

3.59 

2.9T 

12.37 

2.95 

2.21 

2.86 

4-22 

3.82 

1 .34 
1 .59 

3.63 

2.45 

3.6 

2.4 

2.15 

2.14 

3.40 

2.23 

0.70 

2.19 

4.56 

11.43 

4.21 

11.57 

2.00 

7.81 

3.25 

7.83 

1.69 

3.05 

7.16 

4.52 

7.23 

4.61 

4.17 

3.22 

6.45 

3.96 

0.99 

3.08 


X 10 ,S<2C 






10.0 



2.0h 


0-2 


■ / (42) 

o Turkdogan et al 

(charcoal) 

• Experimeatql 

\U2l 

X Turkdogan et al 
(met cokcO 



( 38 ) 

o Rao ct al 
(graphite) 

A Own reactivity ^ 

(graphite) 

o T urkdogan et alj 
(graphite) 


0-05H 


0.02 M \ 

' ' i n I * P- — i ^ — ■’ — Lt— — — ^ ^ 

3Q ^00 

Pet . reduction 

F!G 714 comparison OF CALCULATED AND EXPERi 
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compared with the experimental values. In other words the 
actual rates observed during the initial periods are much 
lower compared to those expected on the basis of extrapo- 
lation from the steady state . 

The low rates in the initial periods are partly 
due to lower temperatures prevailing there. However this 
has been taken into account in calculation of rates by 
various models, therefore in calculation of Y- Hence it 
does not explain the discrepancy mentioned above . 

While heating up the assembly to the experimental 
temperature the reaction chamber was being flushed with 
nitrogen. So it is conceivable that some nitrogen remained 
in the gas space between the graphite and the oxide pellet 
during the initial period thus diluting CO2 and lowering 
the rate. However sample calculations made assuming mixing 
in the gas space to be instantaneous revealed that nitrogen 
aught to have been purged out in a few minutes by the flow 
of gases out through the exit tube . Hence it does not seem 
to be responsible for this discrepancy. 

Therefore the reason for this discrepancy lies 
probably in the errors associated with extrapolation over a 
wide range of gas composition employing equations (7-25) 
and (7-26). 
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Region IV shows a drooping rate. This is close 
to 100 pet. reduction. Hence Most probably oxide reduction 
step is slow here and starts to exert Its influence. 


7-8 OOMPAEISOI QI THE RATE OE RSACTIOH WITH THE CAEBOH 
GASIPIGATIOH RATE CAIiGUIiATED EROM IITERATURE 


An attempt was made to ^oompare the rates obtained 
in pellet-graphite reaction with the gasification rate 
calculated by the method discussed in the last section 
(Sec, 7—7), In principle, this can be done since the 
gasification step was found to primarily control the rate of 
overall reaction. Table 7.4 presents the calculated and 
experimental E^ for various experiments . Eigure 7 .14 shows 
the eomparison for experiment 17. 

Gharcoal is too reactive as compared to the other 
types of carbon. Ho wonder it predicts a much higher rate 

than experimentally observed. However it is to be noted 

« 

that the experimental values of E for pellet-graphite 
reaction are about an order of magnitude larger as compared 
to the gasification rates at the steady-state predicted 
from the reactivity data of Rao and Jalan as well as of this 
investigation. • 

The reliability of experiments on pellet-graphite 
reaction has been checked already. As Eigure 7.1 reveal, 
tjae results could be reproduced with reasonable accuracy 
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when the same experimental conditions were maintained. The 
calculated and experimental weight losses of oxygen and 

carbon (table 4.5) also exhibit good agreement. Y for 

« 

experinienta.1 and calculated match well for the peak in 
experiments 1? and 22 as can be seen from table 7.5. i'rom 

all these it may be assumed that the experimental determin— 

• • 

at ion of and have not suffered from much error# 

Graphite analysis (Sec* 5-3) showed that there 
was very little impurity in it* 0?hus the influence of 
catalysis on the gasification reaction may be ruled out. 
Secondly the high activation energy (75 kcal/mole) obtained 
for the steady state (Sec. 7-3.1) is typical of a non- 
catalysed gasification reaction. 

Therefore it appears that the discrepancies have 
perhaps been caused by the following sources. 

(a) Graphite reactivity value; Because of the unlikely 
low activation energy obtained for graphite reactivity 
(- 32,300 kcal/mole) in this investigation not much reliance 
can be put on them. As discussed in Sec. 6-1 there could 
be errors in the literature values also. 

(b.) Extrapolation formulae; The formulae used for extra- 
polation were obtained for gasification in pure 00^ except 
in the case of Turkdogan et al. Thus, extrapolation to 
the actual co-rich gas compositions are. very likely to 
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cause errors. This is substantiated by the fact that the 
discrepancies are less for the initial period, when the 
product gases were richer in COg. 


POROUS PEIIET EEDUCTIOU WITH POWDER 
MIXTURE MD DEUSE PEIIET REDUGTIOU ' 


The influence of mass transfer on the rate of 
reaction has already been illustrated in Sections 7-4 to 
7—6t The analysis showed that mass transfer in the gas 
phase, in the oxide pellet as well as in the graphite powder 
have some influence on the reaction. The extent of the 
influence of mass transfer on the reaction rate was also 
revealed from the results of experiments conducted with 
varying distances of separation as may be seen in Figure 
7.10 for the steady state (Region III). 

The increase in the rate of reaction in the steady, 
state corresponding, to reduction of wustite into Ee (Region 
III) with decreasing distances of separation has been shown 
in Figures 7.9 and 7.11. This pointed out that mass 
transfer in the gas space has an influence on the rate of 
reaction (Sec.' 7-4). Thus the increased rates in the second 
stage of reduction in powder mixture studies (Figure 7.9) 
does not seem to be only due to catalysis but also due to 
enhanced mass transfer. 
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Figure 7.9 also shows that the reaction rate in 
the first stage (PegO^-^-^PeO) increased with increasing 
separation of the tv/o reactants'. The mass transfer 
conditions were better for experiments 25 aM 24 for which 
the distances of separation were 0.0 and 0.25 cm respectively. 
However, Figure 7..9 shows that the rates in the initial 
stages were more for experiment 1? where the distance of 
separation was 1.6 cm. Also Figure 7.15 shows that the gas 
composition and temperature variations predicted the presence 
of peak in experiments 23 and 24 whereas the experimental 
observations (Figures 7.4 and 7.5) do not depict the same. 
These discrepancies have not been understood properly. It 
may be that the empty volume in the reaction cell has 
something to do with this anomaly. On the other hand the 
increase in the volume of the empty space was about 10 times 
( 25 cc) in the case of powder mixture studies as compared 

to the empty space in the case of pellet-graphite system 
( 2.5 cc) at the maximum distance of separation. The 

increase in the rates in the first stage for powder mixture 
studies as seen from Figure 7.9 is about 10 times more as 
compared to that for pellet-graphite studies. Thus it 
appears that the volume of the empty space has ^an effect 
on the rate in the first stage of reduction. 
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The shape of the Vs. pet. reduction curves in 
Figure 7.9 shows that there is a marked difference between 
the pellet-graphite system and powder mixture system. In the 
former there is a peak in the first stage followed by a lower 
steady state rate. In the powder mixture studies the first 
peak is followed by a much higher peak in the second stage. 
With increasing contact between the reactants, from micro - 
pellet to powder mixture pressed, the rate also increased. 
Thus the total absence of the enhancement of the rate in the 
second stage for pellet-graphite studies was the absence of 
contact catalysis by reduced iron on the gasification 
reaction. 

Mass transfer analysis for porous pellet reduction 
(Swc. 7-5) shows that there was some resistance to the 
transfer of gas across the pellet. This is consistent with 
the findings for dense pellets. The results on dense pellets 
are presented in Appendix AI as well as in Figures 7.6 
7.7. Even though the temperature for experiment 27 on dense 
pellet was higher by about 15°C (972°C) as compared to the 
reaction temperature for experiment 17 (957°C), the rate of 
reaction in experiment 27 was lower by about 1.5 times as 
compared to the rate in region III for experiment 17. Also 
the gas composition for experiment 27 showed -a higher CO 
content at all stages of reduction. All these differences 
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can attributed to larger resistance to transfer of gases 
inside a dense pellet as compared to a porous pellet. 

In Figure 7.7 the rate in region III (steady state) 
is more as compared to region III in Figure 7.6. Ihe 
distance of separation for experiment 28 (Figure 7.7) was 0.0 
whereas that for experiment 27 (Figure 7.6) was 1.25 cm. As 
Kan be seen from table 4.3 the thickness of the pellet was 
0.468 cm. Because of the increased thickness of the dense 
pellet as compared to the porous pellets as well as the 
increase in volume due to reduction, the pellet exerted some 
pressure over the graphite surface during the Fe 0-«*.Fe 
stage of reduction. This happened because of the limited 
space inside the reaction cell for the expansion of the 
pellet. Thus the gasification reaction was catalysed by the 
reduced iron, which was responsible for the increased rate 
in this region. 

7-10 SOME PEEDICTIOBS OB SPOBGE IRON liAKIlG IB ROTARY KILB 
BASED OB THE FIBDIBGS OP THIS IBVESTIGATIOB 

In sponge iron making by the rotary kiln process 
iron ore pieces or pellets are' fed with small pieces of 
solid carbonaceous reductant. The kiln is rotated slowly 
enhancing heg,t and mass transfer as well as inducing the 
charges to move from the entrance to exit. The contact 
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between ore and reductant is loose. Part of the interior of 
the kiln is empty space where CO, generated by gasification 
reaction as well as fuel fed into the . iln, are burnt to 
generate the necessary heat. Therefore conversion of CO 
into OO2 takes place both via reduction of iron ore as well 
as combustion in the gas space. This, as well as, the fact 
that the bed of solids in a rotary kiln is much deeper as 
compared to, the laboratory investigation, makes the two 
® somewhat different, kinetically speaking. Even 
then it is possible to make a number of predictions regarding 
the kinetics of the rotary kiln process of sponge iron mairi ng 
from the findings of this investigation and the general 
understanding of iron ore reduction. These are noted below. 

(1) The reduction of the ore would be stagewise, 
viz. hematite magnetite — ^wustite -^iron. 

(2) Gasification reaction is expected to control 
the reduction rate. 

(3) Mass transfer inside the ore, and in the bed 
of solids would also influence the rate significantly. 

(4) Catalysis by reduced iron is not expected to 
be significant. Therefore the last stage of reduction 
(i.e. wustite — ^iron) would be slow. It ought to be 
pretty difficult to reduce the oxide when percentage 
reduction exceeds 90 - 95 * 
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(5) Rates can be enhanced by increasing the 
reactivity of the solid reductant, decreasing the particle 
size of the solid reductant and by feeding porous iron ore 
pellets. However decrease of particle size of the reductant 
beyond a certain point inay start adversely affecting the 
rate because of increase of inass transfer resistance in the 
graphite bed. Therefore an optimum size of the reductant 

is to be chosen. 

(6) If somehow composite pellets of ore and 
reductant can be used, the rate of the process can be 
enhanced by an order of magnitude. 
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CHAPTER 8 

SUMMARY AID) GONGLUSIOHS 

Investigations were made on rates of reaction of 
porous and dense pellets of iron oxide with, graphite powder . 

The distance of separation between the oxide pellet and 
graphite powder was varied from 0 to 1.6 cm. Tomperature of 
reaction ranged from 880 °C to 1007°C . Auxilliary investi- 
gations with powder mixtures of the two reactants as well as 
with mixture of graphite powder and tiny pellets of oxide 
were undertaken to verify the literature findings as well as 
to help in the interpretation of the main results . Reacti- 
vity of graphite which was the reluctant in all the experiments 
were determined in pure GO 2 as well as in mixtures of GO and 
CO 2 • Partially reduced pellets were examined by oxidation 
test for identifying the various phases present. 

The flowrate and composition (CO/CO 2 ratio) of the 
product gas were measured at intervals of time by capillary 
flowmeter and a solid electrolyte oxygen sensor respectively. 
These were then processed by computer to obtain gas 
composition, instantaneous and cumulative weight losses of 
oxygen and carbon and pet. reduction at intervals of time . 

The calculated weight losses agreed with the experimentally 
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measured weight losses within 10 pet. Interpretations are 
based on the experimental results, theoretical analysis of 
mass transfer and calculations of rates of gasification 
reaction in various CO/CO 2 mixtures according to the 
equations given in literature. The following conclusions 
may be drawn from the present investigation. 

1 • Ihe results on powder mixture and micropellet- 

graphite mixture showed a two stage behaviour. For powder 
mixtures, the first stage was characterised by high 
activation energy (73 kcals/mole). The activation energy 
for the second stage was only 33.5 kcals/mole. Also the rates 
in the second stage were found to be much higher than those 
in the first stage . 

2. Rate in the second stage was found to increase with 
increasing contact between the reactants. Prom micropellet- 
graphite mixture to pressed powder mixtures of oxide and 
graphite the increase was of the order of a magnitude. These 
confirm the conclusion arrived by other investigation that 
reduced iron acts as catalyst in the second stage. 

3. From the nature of variation of gas composition 

with pet. reduction, it may be concluded that the reduction 
proceeds stagewise, viz. FegO^ Fe^O^— > Fe^O Fe, 


in all cases. 



205 


^ rate versus pet . reduction curves for the oxide 

pellet-graphite powder in separation exhibit four regions. 
There was a sharp peak corresponding to about 20 pet. 

reduction. The rate reached a steady state at pet. reduction 
beyond about 30 pet. 

5* Activation energy obtained at the steady state is 

75 kcals/mole indicating control by the gasification step 
and absence of any significant catalysis. 

6 . The rate in the steady state was found to increase 
with decreasing distance of separation between the two 
reactants oxide and graphite. It could be explained by 
partial mass transfer control. 

7 . Mass transfer analysis revealed significant mass 
transfer resistance in all phases, viz. in graphite bed, 
in the oxide pellet and in the intervening gas space . 

However the variation with temperature was not significant. 
Therefore it did not influence the activation energy. The 
calculated exit gas composition matched v/ell with the 
experimental values. 

8. Using equations cited in the literature and 
reactivity values for graphite in pure CO 2 both from 
literature as well as this investigation, calculations 
were made about the rates of gasification in mixtures of 
CO and COg- Qualitative agreement with the experimental 
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values were obtained. However, there was quantitative 
disagreement . This was attributed to errors in extrapolating 
reactivity values from pure GO2 to gas mixture rich in CO. 

appears that mass transfer aspeets in connection 
graphite reactivity studies have not been properly 
understood yet. 
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CHAPTER 9 

SIJGGESTIOHS FOR FHTTJEE WORK 

The present investigation has brought out some 
useful conclusions on the factors affecting the reduction 
of iron oxide by carbon. The following investigations are 
suggested for the future . 

(1) The effect of change of geometry on the reaction rates. 
It will be interesting to see what happens if the 
pellet was kept at the bottom and graphite at the top. 
Also the reacting gases made to move parallel to a 
horizontal axis rather than a vertical axis. 

(2) Effect of porosity of oxide pellet and graphite powder 
on the overall rate. 

(3) Kinetics of reduction of iron oxide in a CO-GOg gas 
mixture . 

(4) Gasification rate of graphite in a CO-CO 2 gas mixture. 

( 5 ) Investigations may also be taken up using different 
types of- carbon and ores of iron oxide. 

(6) Theoretical models based on the experimental evidences 
may be made and model studies of the rotary kiln may 
be undertaken. 

Effect of the valume of gases on the rate of reduction 
in the 1®"^ stage (haematite to wustite) may be 
investigated further. 


( 7 ) 



208 


LIST 0? HEE'ERBI'CES 


1. J.R. Miller: Trans. Silver Jubilee Symp. (1972). 

2. A. Lahiri: Trans. I.I.M. , £1, Fo. 2, (1968), 33. 

3. W.E. Cartwright: Proceedings of the ISI Conference on 
Alternative Routes to Steel, London Hilton, May 5/6, 
(1971), 33. 


4. B.L. Sengupta, A.B. Chat ter jea, G.P. Mathm? and 
V.A. Altekar: Paper presented at the Internatioml 
Conference on Science and Technology of Sponge Iron 
and Its Conversion to Steel, Eeb. 19/22, (1973)? 
Engineering World, Fo. 2, (1973), 67. 


5. 


U.F. Bhrany: 
121 . 


Ibid, Engineering Vforld, lo. 2, 


(1973), 


6. Science and Technology Plan 1974-79, Draft, Yol. II, 
Rational Committee on Science and Technology, August 
(1973), 170. 

7. A.B. Chatter jea: private communications, (1975). 

8. T.K. Rao; Met. Trans. AIMS, 2, (1971), 1439. 

9. W. Baukloh and R. Durrer, Arch. Eisenhuttenw, 4, (1963), 
455 o 

10. V. Arkharov, Y.F. Bogoslovskii, M.G. Zhuravaleva and 
Q.I. Chufarov: Zh. Piz. Khim. Fo. 2, (1955), 272. 

11. T.S. Yun: Trans. ASM, (1961), 129. 

12. A. Prasad and R.H. Tupkaiy: International Conference 

on the Science and Technology of Iron and Steel, Tokyo, 
Japan, (1970), 249. 

13. J. Yarwood: Ch. 3, High Vacuum Technique , Chapman aiod 
Hall Ltd., London (1961 ). 

14. B. Baldwin: J.I.S.I., London, 179 . (1955), 30. 

15. E.S. Manning and W.O. Philbrook: Ch. 17, Blast Eurnace 
Theory and Practice (Julius H . Strassburger Ed . ) , 

Gordon and Breach, Few York, (1969). 



209 


16. L. Von Bogdandy and H.J. Engell; Ch. 2, Bhe Reduction 
of Iron Ores , Springer Verlog, Berlin Heidelberg, 

Hew York, (1971). 

17. S.T. Turkdogan and J.V. Vinters; Met. Trans. 2, (1971), 
3175. 

18. B. Stalhane and T. laalmberg: Jernkantorsts Ann; 114, 

(1930), 1. ^ 

19. H.D. Smith and W.M. McKewan: The Blast Eurnace, Coke 
Oven, and Haw Materials Conference, Detroit, 0962). 

20. S.B. Khalafalla, C.¥. Schultz and T.IT. Eushton: 

U .S . Bureau of Mines Eeport of Investigations, 6699, 
(1965). 

21. E. Bicknese and R. Clarks Trans. IIE-AIME , 236 . (1966), 

2 . 

22. R.D. Walker and D.I. Carpenter: 208, (1970), 

67. 

23. D. Kawasaki, J, Sanscrainte and T.S. Walsh: A.I.Ch.E. 
Journal, 8, Ho. 1, (1962), 48. 

24. S.E. Khalafalla and P.L. Weston; Jr. Trans. AIME, 239 , 
(1967), 1494. 

25. H.J. Themelis and T/.H. Gauvin: Trans. Met. Soc. AIME, 
227 . (1963), 290. 

26. W.M. McKewan: The Chipman Conference, M.I.T. Press, 
U.S.A., (1962), 141. 

27. H.A. Y/arner: Trans. Met. Soc. All®, 230 . (1964), 163. 

28. R.G. Olsson and W M, McKewan: U.S. Steel Corporation, 
Eund ament al Research Laborato iry, Monroville Pa., 

Private Communications . 

29. R.H. Spitzer, E.S. Manning and W.O. Philbrook : Trans . 
Met. Soc. AIME, 236 . (1966), 726. 

30. H. Wakao and J.M. Smith: Ind. Eng. Chem. Eundamentals , 
1, (1964), 123. 



210 


31. H.U. Ross: Private Communications, (1972). 

32. G.I. Ghufarow: Zhur. Piz. Khim. , 28, (1954), 490. 

33. M. Kurchatov; Piz-Khim. Osnovy Proizv. Stali, Akad. 
Kauk SSE, Inst. Met., Shestoi, Konf, Moscow, (1961), 


34. J .B . Lewis: Ch. 4, Modern Aspects of Graphite lechnology 
(L.C.P. Blackman Ed.) , Academic Press, London, (1970) . 

35. P.L. Walker, Jr., M. Shelef and R.A. Anderson: 

Chemistry and Physics of Cartoon (P.L. Walker Ed,), 

Marcel Dekker, Inc., New York, £, (1968), 287. 

36. L.S. Darken and E.l. lurkdogan: Heterogeneous Kinetics 
at Elevated Temperatures (G.E. Belton, W.L. Worrel, 

Eds. ), Plenum Press, New York, (1970), 25. 

37. A.E. Reif: J. Phys . Chem., ^6, (1952), 778. 

38. Y.K, Rao and B.P, Jalan: Met, Trans., (1972), 2465. 

39. Y.K. Rao and B.P. Jalan: Blast Purnace Technology 
Science and Practice (Julian Szekely Ed.), Marcel Dekker, 
Inc . , New York , (1972) . 

40. Ken-Ichi Otsuka and Diazo Kunii: Journal of Chemical 
Engineering of Japan, 2, No. 1, (1969), 46. 

41. P.C. Ghosh and S .N. Tiwari: J.I.S.I., London, 208, 

(1970), 255. 

42. E.T. Turkdogan and J.Y. Vinters; Carbon, X> (1969), 

101; Carbon, 8, (1970), 39. 

43. Y'lA. Bone, L. Reeve and H.L. Saunders: J.I.S.I., London, 
No. 1, (1930), 35. 

44. H.L. Saunders and E.J. Tress: J.I.S.I., London, 1^, 
(1947), 215. 

45. P.L. Walker, J.P. Rakszawski and G.E. Imperial: 

J. Phys. Chem., 6^, (1959), 133. 

46 . T.H. Etsel and S.N. Plengas; Met. Trans. X, ('^972), 

27. 



211 


47. V/.M. Boorstein, R.A. Rapp and G.R. St. Pierre: High 
temperature Electrochemical Research , The Ohio State 
Research Pound at ion, U.S.A., Dec. (TSTI ) • 

48. H.S. Spacil: Metal Progress, 96(5) . (1969), 106. 

49 . Motoaki Sato ; Research Techniques for High Pressure 
and High Temperature . (Geue G. Ulmer Ed 7). Springer- 
Verlag, Hew York, (1971). 

50. S. Basu: Ph.B, Thesis, Department of Metallurgical 
Engineering, Indian Institute of Technology Kanpur, 
India, (1972). 

51. G.P. Baxter and J.E. Lansing: J. American Chemical 
Society, 42, (1920), 419. 

52. C.D. Hodgman, R.C. Weast and S.M. Selby; Eds., 

Handbook of Chemistry and Physics , The Chemical Rubber 
Publishing Co., Cleveland, Ohio, U.S.A., 0961). 

53. J.P. Elliot and M. Gleisser: Thermochemistry for 
Steelmaking , Vol. I, Addison-Wesley Publishing Co., 

Inc ., (i960) . 

54. R.B. Bird, W.E. Stewart and E.H. Lightfoot, Ch. 1, 
Transport Phenomena , John Wiley and Sons, Inc., 

New York, (1962). 

55. R.B. Bird, WH. Stewart and E.N. Lightfoot: Ch. 1, 
Transport Phenomena , John Wiley and Sons, Inc., 

New York , (19^2). 

56. - S. Ergun; J, Phys . Ghem., SO^, (1956), 480. 

57. A.E. Reif: J. Phys. Chem., (1952), 785; J. Phys. 
Ghem., (1952;, 778. 

58. G. Chu and O.A. Hougen: Ghem. Eng. Sci., H, (1962), 
167. 

59. C. Wagners Z. Phys. Ghem., A1 95 , (1943), 1. 

60. ' R.B. Bird, W.E. Stewart and E.N. Lightfoot: Ch. 16, 

Transport Phenomena , John Wiley and Sons, Inc., New 
York, (1962) . 



212 


61 . A. Ghosh and G.R. St. Pierre: Indian Journal of 
Technology, 8, (1970), 79- 

62. Pl.B. Bird, W.E. Stewart and E.U. lightfoot: Oh. 17, 
Transport Phenomena, John Wiley and Sons. Inc., Few 

0'9'6|) , 

63 . J.M. Smith: Oh. 11, Ohemical Engineering Kinetics , 
McGraw Hill Book Oo., Few York, 2nd ed., (1970), 

64* R.B. Bird, \7.B. Stewart and E.F. lightfoot, Oh. 16, 
Transport Phenomena , John Wiley and Sons, Inc., 

Few York, ( 1962 ) . 

65* G.W. Roberts and O.F. Satterfield: Ind. Eng. Ohem. 
Eundam., £, (1965), 288. 



213 


APPENDIX - AI 

EXESRIl/ENTAL EESIILPS OH lEON OXIDE 
PEIIET-GRAPHITE POWDER REACTION 


Experiment No. 7 

&Wc(calcd.) = O.7I83 gms AW^(calcd.) = 1.187 gms 

AW^Cexpt.) =0.6346 gms A¥^(expt.) = 1,170 gms 


Time of 

f 

1 

{Temp. 

{EfilP of 

1 

1 

{ Ah of 

1 ! 

JPct. CO! 

! 1 

t ! 

* A 1 ’ A * 

reaction, 

jof GSZ 

{GSZ 

{capillary {in the { 

-W xIO^}-# x10^{red.uc- 

min. 

{cell, 

j cell , 

{flow- 

{product { 

° { ° {tion 


{oc 

1 

f 

{volts 
{ (un 0 ©r . ) 

{meter, 
{cms • 

{gas { 

1 t 

gm/sec ^/sec j 

f f 


5 

910 

0.607 

1 .1 

15 

919 

0.607 

1.3 

25 

937 

0.609 

2.0 

35 

956 

0.612 

3.6 

35 

956 

0.612 

3.6 

45 

973 

0.680 

9.2 

55 

990 

0.740 

16.6 

65 

1003 

0.738 

12.6 

75 

1004 

0.745 

11.0 

85 

1004 

0.765 

9.1 

95 

1004 

0.776 

7.9 

105 

1003 

0.815 

7.3 

115 

1003 

0.820 

7.5 

125 

1002 

0.823 

7.7 

135 

1002 

0.825 

7.7 

145 

1002 

0.827 

7.8 

155 

1001 

0.827 

7,8 

165 

1001 

0.828 

7.7 

175 

1001 

0.829 

7.6 

195 

1000 

0 .829 

7.5 

225 

999 

0.830 

6.9 

255 

999 

0.833 

6.8 

285 

996 

0.833 

6.3 

315 

991 

0.833 

5.6 

345 

994 

0,831 

5.8 

375 

995 

0.831 

5.9 

405 

995 

0.831 

5.9 

435 

996 

0.833 

5.9 

465 

996 

0.833 

6.0 

495 

996 

0.833 

6.0 

525 

996 

0.833 

6.0 

555 

993 

0.834 

6.0 

585 

995 

0.839 

6.2 

615 

997 

0.842 

6,4 


1.57 

0.033 

0.087 

0.45 

1.78 

0.039 

0.103 

0.98 

2.35 

0.060 

0.158 

1.79 

3.18 

0.108 

0.283 

3.25 

3.18 

0.108 

0.283 

3.25 

14.5 

0.272 

0.672 

6.77 

41.5 

0.470 

0.992 

11.6 

43.7 

0.355 

0.74 

15.4 

47.5 

O.3O8 

0.627 

18.5 

57.7 

0.251 

0.476 

21.0 

63.11 

0.216 

0.393 

23.1 

79.0 

0.193 

0.312 

24.7 

80.7 

0.198 

0.315 

26.3 

81.5 

0.203 

0.321 

28.0 

82.1 

0.203 

0.319 

29.6 

82.7 

0.205 

0.321 

31.2 

82.6 

0.205 

0,321 

32.9 

82.9'! . 

0.203 

0.316 

34.5 

83.2 

0.200 

0.311 

36.1 

83.0 

0.198 

0.309 

40.8 

83.2 

0.181 

0.282 

45.1 

84.1 

0.179 

0.276 

49.4 

83.7 

0.166 

0.257 

53.3 

83.1 

0.147 

0.230 

56.9 

82.9 

0.153 

0.238 

60.5 

83.0 

0.155 

0.242 

64.2 

83.0 

0.155 

0.242 

67.9 

83.7 

. 0.155 

0.240 

71.6 

83.7 

0.158 

0.244 

75.3 

83.7 

0.158 

0.244 

79.1 

83.7 

0.158 

0,244 

82.8 

83.7 

0.158 

0.244 

86.6 

85.2 

-0.162 

0.248 

90. 

86.2 

0.167 

0.254 

94.3 
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APPEIJDIX AI (Continued) 
Experiment Fo. 9 • 

• ) = 0 • 3639 gms 
AW^(expt.) = 0.4120 gms 


A¥^(calcd. ) 
AW^ ( expt . ) 


= 0.6259 gms 
= 0.6650 gms 


Time of 

reaction, 

min. 

1 

1 

}Temp, 
{of CSZ 
i cell , 
|0G 

t 

1 

I 

{E&re' of 
{CSZ 
{cell, 
{volts 
{(uncor .) 

1 

! 

{ Ah of 
{capillary 
{flow- 
{meter, 
|cms . 

i ! 

{Pet. CO{ 
{in the { 
{product { 
{gas { 

t f 

1 f 

-W xIO^ 
c 

gm/sec 

t 

t 

I 

1 • c- 

{-W xio^ 
{ o 

t 

{ gm/sec 

f 

I 

1 

jpet . 

{redue- 

{tion 

1 

t 

5 

895 

0.600 

0.80 

1.10 

0.241 

0.639 

0.349 

15 

908 

0.605 

1 .00 

1.47 

0.301 

0.796 

0.769 

25 

920 

0.610 

1 .00 

1.92 

0.301 

0.794 

1.21 

35 

930 

0.615 

1.50 

2.44 

0.451 

1.19 

1 .84 

45 

943 

0.640 

2.10 

4.83 

0.629 

1 .64 

2.85 

55 

962 

0.715 

6.20 

24.0 

1 .80 

4.24 

5.20 

65 

973 

0.740 

11.30 

37.5 

3.22 

6.98 

9.02 

75 

987 

0.750 

13.60 

46.0 

3.82 

7.85 

13.3 

85 

998 

0.760 

12.60 

53.8 

3.50 

6.81 

16.9 

90 

1003 

0.770 

12.20 

60.0 

3.35 

6.25 

20.1 

105 

1009 

0.805 

9.75 

76.4 

2.60 

4.28 

22.4 

115 

1008 

0.815 

9.45 

79.8 

2.50 

4.01 

24.6 

125 

1008 

0.817 

9.45 

80.4 

2.50 

3.98 

26.6 

135 

1007 

0.815 

9.35 

79.6 

2.48 

3.97 

28.8 

145 

1007 

0.823 

9.25 

82.2 

2.44 

3.83 

30.8 

165 

1007 

0.328 

9.25 

83.6 

2.43 

3.77 

36.9 

195 

1007 

0.833 

9.25 

85.0 

2.43 

3.72 

42.9 

240 

1007 

0.835 

9.20 

85.5 

2.41 

3.68 

48.8 

270 

1007 

0.838 

9.00 

86.2 

2.35 

3.57 

54.5 
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APPENDIX AI (Continued) 


Experiment Fo. 

14 



AW^(calcd.) 

= 0.3408 

gms 

AW (calcd.) = 0. 
o 

AW^(expt, ) 

= 0.3563 

gms 

A¥^(expt.) = 0. 

f 

f 

Time of {Temp* 

{BMP of 

i 

i Ah of 

— 1 j r 

{Pet. C0{ . A 

reaction,! of CSZICSZ 

{capillary fin the {-?/ xlO } 

min. {cell, 

{cell, 

{flow- 

{product! ! 

|°G 

{volts 

{meter, 

) {cms . 

{gas {gm/sec { 

f 

L 

! (uncor. 

I t I 

1 i L 


~W xlO^iPct. 

Jreduc- 
sec {tion 


gm/s 


15 

746 

0.705 

1.4 

1.41 

0.421 

1.115 

3.85 

45 

808 

0.685 

1.5 

2.21 

0.451 

1.189 

7.79 

75 

862 

0.805 

1.3 

43.72 

0.367 

0.764 

10.5 

95 

895 

0.790 

2.0 

44.1 

0.564 

1.172 

11 .8C 

105 

910 

0.775 

2.7 

39.8 

0.766 

1.637 

15.6 

115 

923 

0.773 

3.2 

42.1 

0.905 

1.9b'6 

15.8 

125 

935 

0.765 

4.0 

40.9 

1.133 

2.405 

18.5- 

135 

948 

0.755 

5.1 

38.9 

1.450 

3.113 

22.0 

145 

958 

0.753 

6.2 

40.4 

1.758 

3.742 

26.1 

155 

968 

0.790 

6.0 

62.1 

1 .640 

5.016 

29.6 

165 

977 

0,835 

9.4 ■ 

82,1 

2.478 

3.896 

33.9 

175 

985 

0.842 

11.6 

85.0 

3.041 

4.662 

39.1 

185 

992 

0.842 

12,2 

85.7 

3.194 

4.866 

44.6 

195 

999 

0.842 

12.7 

86.4 

3.320 

5.028 

50.2 

205 

1006 

0.842 

13.3 

87.1 

3.475 

5.229 

56 .1 

215 

1012 

0.838 

13.8 

86.7 

3.606 

5.448 

62.2 

225 

1016 

0.838 

14.2 

87.1 

5.708 

5.584 

68.5 

235 

1019 

0,838 

14.5 

87.5 

3.784 

5.685 

74.9 

245 

1018 

0.838 

14.0 

87.2 

3.655 

5.494 

81 .0 

255 

1017 

0.838 

13.6 . 

87.2 

3.551 

5.342 

87.0 

265 

1019 

0.838 

13.5 

87.3 

3.523 

5.293 

93.0 

275 

1021 

0.838 

13.5 

87.5 

3.522 

5.283 

98.9 

285 

1023 

0.845 

12.7 

89.1 

3.303 

4.883 

104.0 
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APPENDIX AI (Continued) 
Experiment No. 17 

AW^Ccalcd.) = 0.3458 gms 
AW^(expt.) = 0.3318 gms 


AW^(calcd.) =0.5617 gms 
A?/^(expt.) = 0.5731 gms 


T 


Time of 

reaction 

min. 


Temp, 
of CSZ 
cell, 
°C 


EMP of 
CSZ 
cell , 
volts 


uncpr , 


t 


\ Ah of {Pet. CO 
{ capillary I in the 
{flow- {product 

{meter, {gas 
llQms. . ! 


-W x10^ 
c 

gm/ sec 


-W ■xIO-' 
O' 

gm/sec 


Pet. 

reduc 

tion 


5 

893 

0.840 

2.0 

15 

903 

0.827 

2.4 

25 

908 

0.823 

2.8 

35 

919 

0.815 

3.4 

45 

928 

0.812 

4.0 

55 

937 

0.807 

4.7 

65 

945 

0,804 

5.3 

75 

954 

0.855 

13.2 

85 

952 

0.887 

7.4 

95 

955 

0.891 

6.0 

105 

957 

0.892 

6.1 

115 

958 

0.893 

6.3 

125 

956 

0.893 

6.0 

135 

956 

0.893 

6.3 

145 

955 

0.894 

6,2 

155 

957 

0.894 

6.3 

165 

956 

0.894 

6.3 

175 

955 

0.894 

6.3 

185 

957 

0.894 

6.2 

195 

956 

0.895 

6.2 

205 

956 

0.895 

6.2 

215 

956 

0.895 

6.2 

225 

957 

0.895 

6.2 

235 

957 

0.895 

6.1 

245 

956 

0.896 

6.1 

255 

955 

0.896 

5.7 

265 

955 

0.897 

5.7 

285 

957 

0.897 

5.6 

315 

956 

0.897 

5.4 

345 

958 

0.899 

4.7 

375 

955 

0.905 

4.2 


46.3 

0.562 

1-,151 

1 .20 

41.7 

0.668 

1.409 

2.66 

40.9 

0.782 

1.659 

4.39 

39.4 

0.954 

2.043 

6.50 

40.1 

1.140 

2.418 

9.04 

39.8 

1.334 

2.849 

12.0 

40.2 

1.498 

3.190 

15.3 

68.7 

3.567 

6.242 

20.9 

81.0 

1.955 

3.100 

24.2 

82.7 

1.580 

2.471 

26.8 

83.2 

1.605 

2.498 

29.4 

83.6 

1.656 

2.568 

32.1 

83.4 

1 .578 

2.452 

.34.7 

83.4 

1.657 

2.575 

437.3 

83.6 

1*630 

2.529 

40.0 

83.8 

1.655 

2.564 

42.6 

83.7 

1.656 

2.567 

45.3 

83.6 

1.656 

2.570 

48.0 

85.8 

1.629 

2.523 

50.6 

84.0 

1.628 

2.518 

53.3 

84.0 

1.628 

2.518 

55.9 

84.0 

1 .628 

2.518 

58.5 

84.1 

1.628 

2.515 

61.1 

84.1 

1.628 

2.475 

63.7 

84.3 

1.601 

2.470 

66 .3 

84.4 

1.496 

2.304 

68.7 

84.5 

1.496 

2.301 

71 .1 

84.6 

1 .469 

2.258 

78.2 

84.8 

1.416 

2.174 

84.8 

86.3 

1.229 

1.862 

90.5 

86.5 

1.098 

1.660 

95.7 
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APPEETDIX AI (Contimisd) 

Experiment Fo, 18 

AW^Ccalcd.) = 0.2958 gms AW^(calcd.) = 0.5638 gms 

AW^Cexpi.) = 0.3126 gms AW^(expt,) = O.5694 gms 


I 


Time of 

reaction, 

min. 

I 

{Temp, 
{of CSZ 
{cell, 
{OG 

I 

1 

{EMP of 
{CSZ 
{cell, 
{■volts 
{ (uncor . ) 

{ Ah of {Pet. CO 

{capillary {in the 
{flow- {product 

{meter, {gas 

{ ems . 

• p: 

-¥ xIO^ 
c 

: 

gm/sec 

• 

-W xIO^ 
© 

gm/sec 

{Pet. 

{reduc- 

{tion 

15 

790 

0.763 

0.8 

10.6 

0.238 

0.600 

0.84 

45- 

829 

0.755 

1.1 

13.9 

0.325 

0.806 

2.00 

75 

852 

0.742 

1*5 

13.8 

0.443 

1.100 

3.58 

105 

869 

0.732 

1.5 

13.6 

0.443 

1.102 

5.26 

135 

914 

0.732 

3.0 

2 ^A 

0.877 

2.092 

8.53 

155 

943 

0.735 

6.4 

28.2 

1.850 

4.237 

.10.8 

165 

954 

0.745 

10.5 

35.4 

3.002 

6.587 

13.9 

175 

962 

0.742 

9.6 

35.8 

2.742 

6.002 

16.9 

185 

969 

0.738 

9.1 

35.6 

2.601 

5.702 

19.7 

195 

977 

0.737 

9.5 

36.9 

2.709 

5.888 

22.5 

205 

986 

0.742 

9.3 

41.6 

2.632 

5 .558 

25.2 

215 

992 

0.759 

9.0 

51.8 

2.504 

4.947 

27.6 

225 

999 

0 .800 

7.2 

72.8 

1.931 

3.274 

29.3 

235 

1004 

0.818 

6.9 

80.2 

1.825 

2.916 

30.7 

245' 

1008 

0.825 

7.1 

82.9 

1.869 

2.919 

32.2 

255 

1013 

0.825 

7.7 

83.5 

2.025 

3.146 

33.7 

265 

1017 

0.830 

8.0 

85.2 

2.096 

3.208 

35.3 

275 

1017 

0.830 

7.9 

85.2 

2.086 

3.192 

36.8 

285 

1019 

2.830 

8.1 

85.4 

2.122 

3.241 

38.4 

295 

1020 

0.828 

8.6 

85.0 

2.255 

- 3.457 

40.1 

305 

1022 

0.830 

8.9 

85.7 

2.330 

3.550 

41.8 

315 

1019 

0.840 

7.6 

87.7 

1.982 

2.966 

43.2 

325 

972 

0.848 

4.9 

85.2 

1.284 

1.965 

44.2 

335 

946 

0.852 

3.2 

83.4 

0.842 

I.3O8 

44.8 

345 

922 

0.860 

2.0 

82 .9 

0.526 

0.822 

45.2 

355 

902 

0.868 

1.4 

82.8 

0.369 

0.576 

45.5 


■I 
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APPEEDIX AI (Continued) 

Experiment Eo. 19 

A¥^(calcd.) = 0.1022 gms A¥^(calcd.) = 0.2265 gms . 

AW^(expt.) = 0.1198 gms ^W^(expt,) = 0.1724 gms. 


! 

Time of {Temp. 

EMP of 

t 

Ah of |Pct. CO: 

I 

T 

Pet. ■ 

reaction,! of CSZ 

CSZ 

capillary { in the 
flow- {product 

-W x10^|-W x10^ 

reduc- 

min. }cell, 

cell, 

C 1 0 

tion 

!°c 

t 

t 

volts 
(uncor . ) 

meter, {gas I 

cms . ! I 

T 

i ; 

t 

gm/sec Igm/sec 

f 



15 

767 

0.612 

1.0 

0.23 

0.355 

0.614 

2.62 

45 

792 

0.612 

1 .0 

0.34 

0.355 

0.614 

5.31 

75 

823 

0.615 

1 .6 

0.60 

0.568 

0.981 

9.33 

105 

851 

0.621 

1 .7 

1 .05 

0.603 

1.039 

13.6 

125 

865 

0.645 

1 .3 

2.13 

0.460 

0.789 

14.7 

135 

870 

0.725 

1 .0 

11.5 

0.349 

0.570 

15-5 

145 

877 

0.750 

1 .1 

19.4 

0.380 

0.594 

16.3 

155 

882 

0.769 

1.3 

27.6 

0.457 

0.682 

17.3 

165 

881 

0.781 

1 .4 

32.7 

0.474 

0.686 

18.2 

175 

882 

0.789 

1.5 

36.7 

0.504 

0.713 

19.2 

185 

883 

0.792 

1.4 

38.6 

0.469 

0,656 

20.1 

195 

883 

0.795 

1.5 

40.1 

0.501 

0.695 

21 .1 

205 ■ 

883 

0.799 

1.5 

42.1 

0.499 

0.684 

22.1 

215 

882 

0.799 

1.5 

41.9 

0.500 

0.685 

23 .0 

225 

882 

0.800 

1.6 

42.4 

0.533 

0.728 

24.1 

235 

882 

0.801 

2.8 

42.9 

0.932 

1.268 

25.9 

245 

882 

0.795 

3.4 

39.8 

1 .137 

1.578 

28.0 

255 

882 

0.798 

1 .1 

41.3 

0.380 

0.523 

28.8 

275 

883 

0.810 

1.2 

47.9/ 

0.396 

0.522 

30.3 

295 

883 

0.810 

1.3 

47.9 

0.429 

0.566 

31 .9 

315 

883 

0.810 

1.3 

47.9 

0.429 

0.566 

33.5 

335 

883 

0.815 

1.2 

50.5 

0.394 

0.511 

35.0 

355 

883 

0.830 

1.0 

58.3 

0.337- 

0.414 

36.2 

7;7R 

883 

0.848 

1.0 

67.2 

0.306 

0.353 

37.2 

y t y 

395 

883 

0.865 

1.0 

74.6 

0.309 

0.335 

38.2 

y y y 

415 

883 

0.875 

0.8 

78.4 

0.250 

0.264 

39.0 

*T * y 

A'RR 

883 

0.880 

0.6 

80.1 

0.187 

0.194 

39.5 

445 

883 

0.882 

0.5 

80.8 

0.156 

0,161 

39 .8 

*T*T y 

455 

465 

883 

883 

0.885 

0.888 

0.5 

0.5 

81 .7 
82.7 

0.155 

0.155 

6.159 

0.158 

40.0 

40.2 

475 

883 

0.890 

0.4 

82.7 

0.124 

0.126 

40.4 
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APPEHDIX AI (Continued) 
Experiment Jfo. 20 

*o(=alod.); = 0.1289 gm 
4W^(expt.) = 0.3469 gms 


=: 0.2250 gms 
wjjCexpt.) = 0.5387 gms 


Time of 

reaction, 

min. 


25 

35 

45 

55 

65 

75 

85 

95 

105 

115 

125 

135 

145 

155 

165 

175 

185 

195 

205 

215 

225 

235 

245 

255 

265 

275 

285 

305 

335 


[Temp, 
[of CSZ 
[cell, 

\°o 

m of 

[CSZ 

[cell, 

1 volts 
[(uncor . 

797 

0.718 

810 

0.740 

826 

0.772 

842 

0.796 

857 

0.805 

868 

0.808 

878 

0,806 

884 

0.803 

897 

0.801 

914 

0.791 

927 

0.788 

924 

0.786 

925 

0.786 

925 

0.789 

927 

0.800 

927 

0.811 


of |Pct. GOJ 


927 

927 

925 
927 

926 
926 
927 
926 
927 

925 
927 
927 
927 
927 

926 


0.832 

0,851 

0.869 

0.873 

0.878 

0.878 

0.879 

0.879 

0.879 

0.879 

0.880 

0.881 

0.881 

0.883 

0.886 


0.56 

0.56 

0.72 

0.90 

1.12 

1.36 

1.60 

2.00 

2.30 

3.30 
4.16 
4.00 
3.76 
3.60 
3.10 

2.70 
2.80 

3.14 
2.64 

1.70 
1.36 
1.20 
1.04 
1.10 

1.14 
1 .30 
1 .30 
1.36 
1 .40 
1.46 
1.40 


4*1 

■8., a. 

19.0 
33.4 

42.3 

47.0 

48.6 

48.4 

50.7 

49.6 

51.5 

49.4 

49.7 

51.3 

57.3 

63.5 

73.1 

80.6 

85.8 

87.1 

88.1 
88.2 
88.5 

88.4 

88.5 

88.3 
88.7 

88.9 
88.9 

89.3 

89.4 


0.168 

0.167 

0.211 

0.258 

0.317 

0.382 

0.448 

0.560 

0.641 

0.922 

1.160 

1.120 

1.050 

1.000 

0.854 

0.736 

0.751 

0.830 

0.691 

0.444 

0.355 

0.313 

0.271 

0.266 

0.297 

0.339 

0.338 

0.354 

0.364 

0.380 

0.364 


0.438 
0.427 
0,509 
0.573 
0.666 
0.778 
0.904- 
1.130 
1.280 
1.850 
2.290 
2.240 
2.110 
1.990 
1.620 
1.340 
1 .270 
1.320 
1.050 
0.668 
0.529 
0.466 
0.403 
0.426 
0.442 
0.504 
0.502 
0.524 
0.539 
0.560 
0.534 


0.470 

0.940 

1.49 

2.11 

2.82 

3.67 

4.67 
5.90 ^ 

7.32 

9.33 

11.8 

14.2 

16.5 

18.7 

20.5 

21 .9 

23.3 

24.7 

25.9 

26.6 
27.2 

27.7 
28,1 
28.6 

29.1 

29.6 

30.2 

30.7 

31.3 
33.1 

34.9 
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APPENDIX AI (Continued) 

Experiment No. 21 

AW^(calcd.) = 0.3574 gms AW^(calcd.) = 0.5668 gms 

Af^(expt.) = 0.3393 gms AW^(expt.) = 0.5091 gms 


lime of 

reaction 

min. 


> 


Temp . {Elffi of 
of GSZICSZ 


cell, {cell, 

°C {to Its 

{ (uncor, ) 


Ah of 
capillary 
flow- 
meter, 
cms . 


Pet. CO 
in the 
product 
gas 


t 

f 

-W xIO^ |-¥ xIO^ 
c I o 

t 

gm/sec jgm/see 


Pet. 

reduC' 

tion 


1 

X 


15 

852 

0.837 

1 .30 

34.9 

0.355 

0.739 

2.60 

45 

879 

0.843 

1.80 

45.1 

0.484 

0.945 

6.08 

75 

911 

0.833 

3.60 

48.6 

0.962 

1 .842 

12.8 

95 

929 

0.824 

5.34 

48.8 

1 .430 

2.721 

16.1 

105 

945 

0,822 

7.10 

51 .9 

1 .890 

3.523 

21 .0 

115 

952 

0.898 

13.00 

83.0 

3.270 

4.827 

27.2 

125 

958 

0.914 

10.50 

87.6 

2.620 

3.714 

31 .7 

135 

957 

0.913 

9.30 

87.3 

2.322 

3.300 

33.7 

145 

958 

0.913 

8.44 

87.4 

2.101 

2.993 

39.3 

155 

958 

0.913 

8.16 

87.4 

2.030 

2.891 

42.8 

165 

958 

0.914 

7.90 

87.6 

1.972 

2.792 

46.2 

175 

958 

0.914 

7.90 

87.6 

1.973 

2.794 

49.6 

185 

958 

0.913 

7.70 

87.4 

1 .921 

2.735 

52.9 

195 

959 

0.914 

7.66 

87.7 

1 .914 

2.701 

56.1 

205 

960 

0.914 

7.60 

87.7 

1.892 

2.682 

59.4 

215 

959 

0.914 

7.50 

87.7 

1.871 

2.650 

62.6 

225 

956 

0.914 

7.36 

87.4 

1 .830 

2.613 

65.7 

235 

959 

0.915 

7.14 

. 87.9 

1 .780 

2.512 

68.8 

245 

957 

0.914 

6.96 

87.5 

1 .730 

2.461 

' 71.7 

255 

959 

0.916 

6.84 

88.1 

1.701 

2.402 

74.6 

265 

958 

0.915 

6.50 

87.8 

1.622 

2.292 

77.4 

275 

958 

0.915 

6.40 

87.6 

1.590 

2.261 

80,2 

285 

956 

0.915 

6.30 

87.6 

1.571 

2.232 

82.8 

295 

958 

0.915 

6.16 

87.8 

1 .532 

2.173 

85.5 

305 

957 

0.915 

6 ,60 

87.7 

1.490 

2.124 

88.0 

315 

957 

0.915 

5.90 

87.7 

1.470 

2.082 

90.5 

325 

956 

0.915 

5.66 

87.6 

1 .410 

2.001 

92.9 

335 

, 956 

0.915 

5.40 

87.6 

1.350 

1.912 

95.3 

345 

956 

0.915 

5.30 

87.6 

1 .323 

1 .873 

97.5 
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appendix AI (Continued) 

Experiment No . 22 

AW^(calGd,) = 0.2527 gms AW^(calcd.) = 0.4097 g^s 

AW^(expt.) = 0.2754 gms AW^(expt.) = 0,4158 gms 


T 

! 


Time of 

reaction, 

min. 

JTemp . 

{of GSZ 

{cell , 

{00 

1 

1 

{EMP of 
{GSZ 
{ cell , 

{YOltS 

! (uncor. ) 

{ Ah of 

{capillary 

}flow- 

{meter, 

Icms. 

{Pet. C0{ 
{in the { 
{product { 
{gas { 

f f 

t _ _ f 

1 

• c; I 

-W x10^{ 
c } 

1 

gm/sec { 

f 

-W xIO^ 
0 

gm/ sec 

{Pet . 

{reduc 

{tion 

5 

907 

0.730 

3.5 

19.1 

1.026 

2.475 

2.74 

15 

921 

0.750 

4.5 

30.0 

1.297 

2,940 

6.01 

25 

930 

0.755 

5.5 

34.6 

1.574 

3.473 

9.83 

35 

944 

0.790 

17.7 

56.5 

4.886 

9.347 

18.6 

45 

950 

0.830 

10.7 

76.5 

2.851 

4.695 

23.9 

55 

952 

0.860 

6.9 

86.3 

1 .804 

2.736 

26.9 

65 

958 

0.863 

6.1 

87.6 

1.591 

2.385 

29.6 

85 

958 

0.864 

5.9 

87.8 

1.538 

2.301 

37.2 

115 

956 

0.865 

6 .0 

87.8 

1.564 

2.339 

44.9 

145 

957 

0.867 

6.1 

88.4 

1 .589 

2.364 

52.8 

175 

957 

0.869 

6.4 

88.8 

1 .666 

2.479 

60,9 

205 

957 

0.868 

6.4 

88.6 

1 .666 

2.475 

68.9 

235 

931 

0.871 

4.0 

86.9 

1.045 

1.575 

73.7 
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APPSEDIX AI (Continued) 

Experiment Fo. 23 

AW^Ccalcd.) = 0.3507 gms AW^(calcd.) = 0.5504 gms 

AW^Cexpt.) = 0.3275 gms AW^(expt,) = 0.5595 gms 


Time of 

reaction, 

min. 

i 

1 

{Temp . 

{of GSZ 
{cell, 

{°C 

1 

- - 

1 

{BMP of 

{GSZ 

{cell, 

1 volts 
{ (uncor, ) 

1 

i Ah of 
{capillaiy 
{flow- 
{meter, 
{cms . 

t 

{Pet. GO 
{in the 
{product 
Igas 

t 

f- - - 

r 

I 

t 

~¥ xIO^l 
c { 

gm/sec 1 

-. 1 - 

-W xIO^ 
o 

gEo/sec 

Pet. 

reduc- 

tion 

15 

880 

0.810 

1 .90 

46.0 

0.534 

1.096 

3.40 

45 

897 

0.730 

2.50 

17.5 

0.735 

1.790 

9.51 

75 

935 

0.774 

5.50 

45.7 

1.546 

3.182 

19.6 

105 

957 

0.852 

8.00 

84.7 

2.009 

3.226 

30.4 

155 

958 

0.861 

10.40 

87.1 

2.715 

4.087 

43.6 

165 

960 

0.862 

10.50 

87.5 

2.739 

4.108 

56.9- 

195 

958 

0.863 

9.70 

87.6 

2.530 

3.793 

69.4 

225 

958 

0.863 

9.70 

87.6 

2.530 

3.793 

81 .7 

245 

958 

0.868 

9.40 

88.7 

2.457 

3.631 

85.7 

255 

958 

0.870 

9.00 

89.1 

2.341 

3.461 

89.5 

265 

958 

0.873 

8.44 

89.7 

2.193 

3.224 

92.9 

275 

957 

0.888 

4.80 

92.3 

1.241 

1.782 

94.9 

285 

957 

0.920 

1.20 

95.9 

0.308 

0.427 

95.4 
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APPENDIX AI (Continued) 

Experiment Fo, 24 

AW^(calcd.) =0.3299 gms Aw^(calcd.) = 0.5329 gms 

AW^(expt.) = 0.3405 gms AW^(expt.) = 0.5541 gms 


Time of 

reaction, 

min. 

1 

1 

{Temp . 
|of CSZ 
{cell , 
| 0 C 

I 

- 

t 

{'Em of 
}CSZ 
{ cell , 
{volts 
’.(uncor. ) 

T 

{ Ah of 
{ capillary 
{flow- 
{meter, 
!cms . 

! « 

jpct. coi 

{ in the { 

{product { 

tgas { 

1 1 

1 t 

f 

f 

-W x10^i- 

C I 

1 

gm/ sec { 

t 

- 

-W xIO^ 
0 

gm/sec 

Pet. 

reduc- 

tion 

15 

835 

0.830 

1.2 

50.8 

0.335 

0.666 

2.12 

45 

879 

0,809 

2.1 

50.5 

0.586 

1.167 

6-00 

75 

918 

0.780 

3.8 

44.5 

1 .070 

2.218 

13.9 

95 

951 

0.770 

8.0 

47.5 

2.242 

4.557 

18,7 

105 

956 

0.809 

6*1 

68.6 

1.648 

2,886 

22.0 

115 

957 

0.842 

6.4 

81.7 

1.688 

2.663 

24.9 

125 

957 

0.850 

7.5 

84.1 

1.970 

3.043 

?8.3 

135 

955 

0.851 

8.6 

84.6 

2.258 

3.487 

32.1 

145 

956 

0.851 

9.1 

84.3 

2.389 

3.685 

36.2 

155 

957 

0.851 

9.5 

84.5 

2.493 

3.387 

40.4 

165 

957 

0.852 

9.6 

84.5 

2.519 

3.877 

44.7 

175 

959 

0.852 

9.8 

84.9 

2.570 

3.943 

49.0 

185 

956 

0.852 

9.6 

84.4 

2.519 

3.882 

53.3 

195 

958 

0.853 

9.4 

84.9 

2.465 

3.781 

57.4 

205 

958 

0.852 

9.5 

84.8 

2.492 

3.827 

61.7 

215 

958 

0.852 

9.6 

84.8 

2.518 

3.867 

65.9 

225 

957 

0.852 

9.5 

84.6 

2.492 

3.831 

70.1 

235 

958 

0.852 

9.4 

84.8 

2.465 

3.787 

74.3 

245' 

958 

0.853 

9.0 

85.0 

2.359 

3. 615 

78.3 

255 

959 

0.853 

9.2 

85.1 

2.411 

3.691 

82.4 

285 

957 

0.855 

9.2 

85.5 

2.410 

3.679 

86.4 

275 

958 

0 .858 

8,a 

86.3 

2 .301 

3.486 

90.3 

285 

959 

0.858 

8.7 

86,6 

2.274 

3.438 

94.0 

295 

960 

0*868 

7.2 

88.8 

1.874 

2.776 

96.8 

305 

959 

0.900 

1.3 

93.9 

0.335 

0.473 

97.4 

. 315 

951 

0.923 

1.1 

96.0 

0.282 

0.391 

97.8 
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APPENDIX AI (Continued) 
Experiment No. 25 


A¥^(calcd.) =0.3606 gms AW^(calcd.) = 0.5910 gms 

AWQ(expt.) = 0.3338 gms AW^(expt.) = 0,5359 gms 


Time of 

{Temp . 

1 

of 

T 

{ Ah of 

{Pet. CO* 

• tz 

^ 

t • R 


reaction, 

{of CSZ 

{CSZ 

{capillary 

{ in the { - 

-W xio^ 

{-W^xlO^ 

Pet. 

min. 

{cell , 

{cell, 

{flow- 

{product { 

C 

1 0 
t 

reduc- 


{OC 

{volts 

{meter, 

{gas } 

gm/sec 

{ ^m/sec 

tion 


! 

i 

{ (uncor , ) 

}cms . 

t f 

1 1 



15 

821 

0.708 

1.0 

4.55 

0.299 

0.780 

2 .80 

45 

866 

0.695 

2.0 

6.05 

0.598 

1.546 

7.75 

75 

907 

0.788 

2.4 

4645 :• 

0.674 

1.379 

12.9 

105 

948 

0.760 

6.0 

41.5 

1 ,698 

3.589 

24.2 

135 

973 

0.846 

9.6 

84.8 

2.518 

3. SSI 

37.3 

165 

981 

0.850 

11.6 

86.7 

3.032 

4.582 

51.9 

195 

989 

0.857 

11.2 

87.6 

2.922 

4.378 

66.0 

225 

986 

0.851 

10.6 

87.4 

2.766 

4.155 

79.3 

255 

986 

0.851 

10.2 

87.4 

2.662 

3.999 

92.1 

285 

985 

0.858 

9.6 

88.8 

2.498 

3.705 

103.4 

305 

986, 

0.895 

4465 

94.5 

0.412 

0.579 

104.3 

315 

975 

0.920 

0.6' 

96.4 

0.154 

0.213 

104.5 

Experiment No. 26 






aW (calcd. ) 

= 0.3364 gms 

aW (calcd.) = 
o 

0.5392 gms 

AW^(expt .) 

= 0.3931 

gms 

AW^Cexpt.) = 

0.7953 gms 

Time of 

I 

{Temp. 

ImF of 

{ Ah of 

{Pet. G0{ 

1 

t 

• R ? ^ R 

1 

t 

t 

reaction 

, {of CSZ {CSZ 

{capillary {in the { 
{flow- {product { 
{meter, {gas { 

-W x10^{-W xio^ 

r* In 

{Pet. 

min. 

{cell, 

|°C 

{ cell , 
{volts 

gm/ sec 

{gm/ sec 

{reduc- 

{tion 


1 

-JL 

Kuncor. 

{ cms . 

I I 

-J[ 1 



1 

jr ^ 


15 

974 

0.795 

6.2 

45 

973 

0.830 

5.8 

75 

974 

0.832 

5.8 

105 

974 

0.832 

5.8 

135 

974 

0.832 

5 .8 

165 

975 

0.832 

6.3 

195 

975 

0.835 

7.0 

225 

975 

0.835 

7.5 

255 

976 

0.840 

8.3 

285 

976 

0.842 

9 .0 

315 

920 

0.852 

2.8 

335 

870 

0.873 

0,6 


65.8 

1.684 

3.013 

6.00 

79.9 

1.535 

2*458 

10.6 

80.7 

1.533 

2.457 

15.2 

80.7 

1.533 

2.437 

19.7 

80.7 

1.533 

2.457 

24.3 

80.9 

1 .665 

2.644 

29.2 

81.8 

1.846 

2.909 

34.6 

81.8 

1.978 

3.117 

40.4 

83.5 

2.182 

3.391 

46.7 

84.1 

2.364 

3.655 

53.1 

79.9 

0.471 

1.186 

55.4 

80.1 

0.159 

0.254 

55.5 
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APPENDIX AI (Continued) 

ExI'eriment No. 2? 

AW^(ealcd.) = 0.2683 gms AW^(calcd,) = 0.5478 gms 

AW (exp t.) = 0.2471 gms AW (expti)) = 0.4327 gms 

u o 


Time of 

T 

f 

{Temp* 

! 

lEMB’ of 

1 1 r 

1 Ah of {Pet. C0{ 

j 

t 

1 

• Cl * C 

nr — ^ — 

f 

f 

reaction, 

!of csz 

I CSZ 

{capillary {in the {■ 

-W xlO^{-W xio^ 

{Pet. 

min. 

f ceXX y 

Jcell, 

{flow- {product { 

C 1 0 

{reduc- 


{^G 

t 

j 

{volts 
{ ( unco r . ) 

{meter, {gas { 

{ ems . I { 

gm/sec { gm/sec 

t 

{tion 

t 

J 


15 

843 

0.505 

1.8 

' 0.00 

0,510 

1.165 

2.57 

45 

892 

0.570 

3.2 

0.01 

0.905 

2.063 

6.53 

75 

927 

0.700 

3.6 

13.3 

1 .000 

2.134 

11.0 

105 

945 

0.715 

4.2 

20.4 

1.154 

2.371 

16.2 

125 

974 

0.740 

13.8 

36.4 

3.700 

6.921 

20.2 

135 

966 

0.745 

7.8 

36.8 

2.090 

3.901 

22.9 

145 

968 

0.745 

8.6 

37.2 

2.302 

4.285 

25.8 

155 

969 

0.748 

7.6 

38.9 

2.029 

3.739 

28.4 

165 

968 

0.749 

6.7 

39.1 

1.788 

3.290 

30.6 

175 

971 

0.757 

6.3 

43.6 

1.669 

2.984 

32.6 

185 

971 

0.772 

5.8 

51.0,.. 

1.518 

2.587 

34.3 

195^ 

972 

0.792 

5vt 

90.3^ 

t.3l3 

2,089 

35.8 

205 

973 

0.813 

4.7 

70.3 

1.189 

1 .764 

37.0 

215 

971 

0.851 

■ .4.2 

76.8 

1.050 

1.480 

38.1 

225 

9T1 

0.845 

3.9 

81.3 

0.967 

1.312 

38.9 

235 

971 

0.850 


82.8 

0 .939 

1.260 

39.8 

245 

971 

0 .850 

3^8 

82.8 

0.940 

1.260 

40.7 

255 

972 

0.850 

3.8 . 

82.9 

0.915 

1.225 

41.5 

265 

971 

0.850 

3.8 

82.8 

0.915 

1.227 

42.3 

.275 

972 

0.850 

3.7 

82.9 

0.915 

1.225 

43.1 

285 

971 

0.850 

3.6 

82.8 

0.890 

1.193 

43 .9 

- 295 

973 

0.850 

3.5 

83.0 

0.865 

1.157 

44.7 

305 

973 

0.850 

3.4 

83.0 

0.840 

1.124 

45.5 

315 

972 

0 .850 

3.4 

83.0 

0.841 

1.124 

46 . 3 

325 

970 

0.850 

3.4 

82.6 

0.841 

1.129 

47.0 

335 

962 

0.850 

3.1 

81.6 

0.767 

1 .040 

47.7 

^ 

345 

951 

0.858 

2.8 

82.6 

0.693 

0.930 

48 . 3 

555 

953' 

0.862 

1.9 

81.4 

0.471 

0.639 

48.4 
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APPEIDIX AI (Continued) 

Experiment Eo. 28 

AVf^Ccalcd.) =0.3177 gms A¥^(calcd,) = 0.5415 gms 

A?/^(expt.) = 0,3182 gms A¥^(expt.) = 0.5451 gms 


Time of 

reaction, 

min. 


1 

f 

{Temp. 

X 

bp' of 

t I t 

{ Ah of [Pct. Goj 

f ! 

t t 

• Cl* c; ! 

{of Gsz^'jesz 

{capillary {in the { 

-¥ x10^{-¥ xlO^IPct. 

{cell, 

{ cell , 

{flow- {product { 

° ° {reduc 

{OG 

1 

t 

{volts {meter, {gas { 

Kuncor .) icms. { 1 

gm/ sec { gm/ sec 
1 ! 


15' 

856 

0.785 

2.6 

45 

909 

0.767 

2.6 

75 

957 

0.770 

4.2 

105 

962 

0.780 

5.5 

135 

971 

0.780 

6.8 

155- 

972 

0.788 

7,0 

165 

971 

0.798 

7.2 

175 

971 

0.820 

6.6 

185 

972 

0.848 

5.2 

195 

972 

0.867 

6.0 

205 

973 

0.880 

6.5 

215 

975 

0.881 

6.8 

225 

975 

0.883 

7.0 

240 

976. 

0.886 

7.6 

250 

975 

0.887 

8.0 

260 

975 

0.887 

7.9 

270 

974 

0.886 

7.9 

2ao. 

974 

0 ,886 

7.9 

290 

975 

0,886 

8.0 

300 

974 

0.887 

8.0 

310 

973 

0.887 

7.9 

320 

973 

0.887 

8.0 

330 

957 

0 .890 

3.4 

340 

939 

0.898 

0.7 


28.5 

0.767 

1 .764 

2.79 

33.1 

0.762 

1.704 

5.52 

46.5 

1.204 

2.477 

9.40 

52.7 

' 1.504 

2.969 

14.3 

54.9 

1.923 

3.739 

20.2 

58.9 

1.965 

3.715 

22.1 

63.4 

2.006 

3.672 

24.1 

72.7 

1.808 

3.084 

25.7 

82.3 

1.399 

2.307 

26.8 

87.1 

1.600 

2.420 

28.2 

89. S 

1.724 

2.547 

29.5 

90.1 

1.803 

2.655 

30.9 

90.5 

1-865 

2.738 

32.4 

91.0 

2.011 

2.938 

33.9 

90,1 

2.117 

5.089 

35.5 

91.0 

2.091 

3.052 

37.2 

90.9 

2.091 

3.058 

38.8 

90.9 

2.091 

3.058 

40.4 

90.9 

2.117 

3.094 

42.0 

91,0 

2.117 

3.091 

43.7 

90.9 

2.091 

3.055 

45.3 

90.9 

2,117 

3.093 

46.9 

90.4 

0.901 

1.325 

47.6 

90*5 

0.185 

0.272 

47.8 
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APPBEDIX - AM 
GOLIPUTEE PROGRAIME 


C 

C 

G 

G 

G 

G 

C 


1 


2 

3 

4 

5 

6 
7 

10 . 

11 


12 

13 

14 

15 

16 
17 
20 
21 
22 

23 

24 

25 

26 
27 
30 


14 


12 


16 

10 

0 

C 

G 


24 

26 

28 


G 

C 

0 


ABRAHAM- GALGULATION GO' GO 2' IHSMTAlffiOHS RAPES AHD 

IHTEGRAPEI) WEIGHT LOSS AHD PGT EEDUGTIOH 

INPUT .TIME -MIH,TEMP-DEG .GEN . ,V-Y0ITS ,DEIH-GM.IIQ, 

SIGN OE VOLTAGE POSITIVE 

OUTPUT. TIME-MIN,TE1P-DEG.K,GO-ERATION GO ,RWG-GARBON 

GMS/SEG, POL-PGT OXYGEN LOSS .TG-TOTAL CARBON 
GMS, RWO-OXYGEN LOSS RATE ,GMS/SEG , WOT -TOTAL CARBON 
LOSS,CALGD,GMS,WCB-TOTAL CARBON LOSS EXPTAL.GMS 
DIMENSION TIM1(150) ,TEMP(150) ,V(150) ,DBLH(150), 00(150) , 
002(150) ,Q(150) ,RWG(150) ,RW0(150) ,N(2) ,DELTS(2) 

PRINT 14 

EOEIilATdHI ,15X,*TIlvIE* ,8X,*TEMP<-,10X,*V* ,8X *DELH*) 

DO 10 1=1,77 

READ 12,TnvE(l) ,TEMP(I) ,V(I) ,DELH(I) 

EORMAT (4P10.0) 

PRINT 16 ,TIME(I),TB1P(I),V(I),DELH(I) 

EORMAT (10X, 4E12.4) 

CONTINUE 


CALCULATION OE GAS COMPOSITION 


DO 201=1 ,77 
T = TEMP (I) +273.0 
IE (V(I)-I.O) 24,24,26 
V0=1 .12974*7 (I) -0.059408 
GO TO 28 
VG=.9875*7(I) 

DEN=9.152*T 

G=-85020 ,0+41 .4* (T-1 200 . ) 

U=G/DEN 

W=92240 .0*VG/DEN 
C=-0. 5* AL0G( 0.2045) 

Z=U+W+C 
RATI0=10.0**Z 
C02(I)=1 .0/(1.0+RATI0) 

CO (I)=1 .0-002(1) 

CALCULATION OE INSTANTANEOUS RATES 





31 

32 

33 

34 

35 

36 

37 

40 

41 

42 

43 


44 

45 

46 

47 

50 

51 

52 

53 

54 

55 

56 

57 
60 
61 
62 

63 

64 

65 

66 
67 

70 

71 

72 

73 

74 

75 

76 

ry ry 

I I 

•|00 

101 


20 


25 

1 

&/' 

0 

c 


100 


A1=1 .80E-04*G0(I)/(C0(I)+1 .36*002(1) ) 
^2=1^52E-04*002(I)/(G02(I)+0. 73*00(1)) 


A=8.552E-7 

Q(I)=A*DEni(l)/VIS 

QC0=Q(I)*G0(I) 

QC02=Q(I)*G02(I) 

EWC ( I ) = ( QG0+QG02 )* 1 2 . 0/22400 .0 
KTO ( I ) = ( QGO+2 . 0* Q002 )* 1 6 . 0/22400 .0 
PRIM 25 


E0RMAI(1H1 ) 55X,*IIMB* ,8X,*C¥0* ,8X *PGI* ,8X *P0L* 

8X ,*RWG* ,8X ,*RW0* ,8X ,*G02* ,8X,*00* ,8X ,*IEMP* ) 


IMEGEATED ’7EIGHI LOSS, SUPSOE RUIE 


¥/G=0 

¥ 0=0 

E(1)=37 

N ( 2)=40 

PEEIS(1)=300.0 

DELIS(2)=900.0 

1=1 

DO 40 M = 1 ,2 
E=E(M)-1 

IE (K. LI. 2) GO TO 40 
WG=RWG ( I )*DEITS (M)/3 .0+WG 
W0=EW0 ( I )*DELTS (M)/3 . 0+WO 
DO 50 J = 2, K 
1 = 1+1 
AB = j/2 
EA=AB 
KB=EA*2 

IE(EB.EQ.J)G0 TO 100 
WG=W(G;+2 ./3 .*DELTS (M)*EWG (I) 
WMO+2 ./3 .*DELTS (M)*RW0 ( I ) 

GO TO 50 

W0=W0+4 ./3 .*DELTS (M)*RWG(I) 
W0=W0+4 ./3 .*DEITS (M)*Rf 0 ( I ) 

UK = 1+1 

CTrc=WG+1 ./3 .*DELTS (M)*RY/G ( IM) 

OWO=WO+1 ./3 .*DELTS (M)*RW0 ( IRK) 

TC=. 66459 

T0=1. 17594 

PGL=CWC*100./TG 

P0Ii=GW0*100./T0 



2m 


102 


103 

30 

104 

50 

105 


106 


107 


110 

40 

111 


112 


113 


114 


115 


116 

42 

117 


120 

44 


1 

121 


122 


123 


124 


125 


126 


127 


130 


131 


132 


133 


134 

75 

135 

70 

136 


137 



psm 30,TIME(I) ,CWG,CW0,P0I,P01,MC(I) ,EWO(I) ,C02(I) , 
G0(I),TEMP(I) X /j V y, 

I'OmiA.T(/2X,lOE11 .4) 

GONTimJE 

I=N(M) 

WG=WC+1 ./3.*IiEEI’S(M)*WG(l) 

W0='J70+1 ./3 .*DELTS (M)*RW0 ( I ) 

GOETIHUE 
¥GT=WG 
W0T=¥0 
W0E=1 .17219 
WGE=.63459 

PRIET42 jY/GT ,T/GE ,WOT ,WOE 

POEM ( 1H1 ,4X ,mGT=* ,E1 2 .4 ,*WGE=* ,E1 2 .4 ,*WOT=*' El 2.4, 
*W0E=*,E12.4) 

PEIFT 44 

EOEMAT(5X,*TBaE* ,8X,*G0E* ,8X,*G02E* ,8X *ESirG* ,8X *EWO^ , 
8X,*G0* ,8X,*G02*) 

XrrWCE/WGT 
Y=WQa/Y/OT 
D070I=1 ,77 
Q(I)=Q(I)*X 

MG(l)=Q(I)*12./22400. 

EY/0(I)=EW0(I)*Y 

QG02=EW0 ( I )*22400 ./1 6 . -Q( I ) 

QG0=Q(I)-QG02 

GOE=QGO/Q(l) 

G02P=QG02/Q(I) 

PEIEP 75,TBIE(I),G0E,G02E,EWG(I),EW0(I) ,G0(I) ,G02(I) 
E0EMT(/2X,7E11 .4) 

GONTimJE 

STOP 

Em) 


lEETEY 
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APPEHDIX - AIII 

EXPERIlEM!Ali RESULTS OR POWDER MIXTURES OE 
FERRIC OXIDE AID GRAPHITE 

Experiment lb. M-2 


Solid Oxide Electrolyte Cell Temperature = 770°G 
Initial Temperature of the Reaction Zone = 1005°G 


Time of 

reaction, 

min. 

Temp, of 
reaction 
zone, °C 

EMP of 

csz 

cell, 
volts 
(uncor. ) 

Ah of |Pct. CO 

capillary 1 in the 
flow- { product 

meter, Jgas 

cms. 1 



-¥ xio"’’ 
c 

gms/sec 

-W xIO^ 
0 

gms/sec 

f 

{Pet. 

{reduc- 

{tion 

f 

1 

t 

2 

990 

0.720 

2.4 

3.01 

0.661 

1 .740 

7.42 

6 

991 

0.755 

3.6 

6.85 

0.986 

2.540 

19.0 

10 

993 

0.835 

13.6 

35.4 

3.570 

7.830 

53.0 

14 


0.888 

20.4 

67.5 

5.070 

8.950 

94.5 

18 

994 

0.903 

11.0 

75.2 

2.700 

4.490 

115.1 

22 


0.915 

1.0 

80.4 

0.243 

0.387 

117.5 

26 

994 

0.915 

0.5 

80.4 

- 0.121 

0.194 

118.4 

29 


0.915 

0.5 

80.4 

0.121 

0.194 

118,9 

31 


0.915 

0.5 

80.4 

0.121 

0.194 

119.3 


231 


Experiment Fo. M-4 

Solid Oxide Electrolyte Gell ^FempeTatureJ^ 768 °C 
Initial Temperature of the Reaction Zone = 953 °C 


Time of 
reaction, 
min . 


m JEMF of 

Temp, of 1 032 
ire act ion J 

izono. 

I }(uncor.) 

L I 


;Pct. CO 

meter, 
cms. 1 ° 



-W xlo'^jPct. 

° {reduc- 
gms/sec {tion 


2 

933 

0,767 

0.40 

5 


0.789 

1.8 

7 


0.795 

2.0 

9 


0.805 

2.0 

11 


0.810 

2.0 

13 


0.814 

1.6 

15 

936 

0.815 

1.4 

17 


0.817 

1.2 

19 


0.820 

1.2 

20 


0.821 

1.2 

22 


0.825 

1.2 

24 

939 

0.840 

2*2 

26 


0.900 

7.6 

28 

942 

0.915 

12.2 

30 

943 

0.916 

13.4 

32 


0.920 

12.8 

34 

943 

0,921 

12.2 

36 


0.922 

12.8 

38 


0.923 

12.6 

40 

945 

0.928 

10.2 

42 


0.932 

7.2 

44 


0.940 

5.4 

46 

48 


0.953 

3.4 


0.965 

2.4 

50 

52 


0.970 

1.4 


0.970 

1 .2 

54 

944 

0.970 

0.8 

56 

0.970 

0.8 

58 


0.970 

0.6 

60 


0.970 

0.5 


9.7 

0.104 

0.265 

1 . 2 "' 

15.8 

0.466 

1.144 

3 . 2 C 

17.9 

0.516 

1.253 

5.47 

21 .8 

0.513 

1.218 

7.62 

24.0 

0.511 

1.199 

9.71 

25.9 

0.408 

0.946 

11.4 

26.4 

0.356 

0.825 

12.8 

27.4 

0.305 

0.702 

14.0 

28.9 

0.304 

0.694 

15.3 

29.4 

0,304 

0.692 

16.5 

31.5 

0.303 

0.681 

17.7 

40.1 

0.548 

1.169 

19.8 

75.0 

1.783 

2.972 

24. S 

81.4 

2.828 

4.474 

32.7 

81*7 

3.104 

4.895 

41.3 

83.2 

2.957 

4.606 

49.5 

83.5 

2.817 

4.374 

57.2 

83.9 

2.953 

4.573 

65.3 

84.2 

2.905 

4.486 

73.2 

85.8 

2.345 

3.570 

79.6 

86.9 

1.651 

2.489 

84.0 

89.1 

1.233 

1.824 

87.2 

91 .9 

0.772 

1.114 

89.2 

93.8 

0.543 

0.769 

90.5 

94.5 

0.316 

0.445 

91.3 

94.5 

0.271 

0.381 

92.0 

94.5 

0.181 

0.254 

92.4 

94.5 

0.181 

0.254 

92.9 

94.5 

0.136 

0.191 

93.2 

94.5 

0.113 

0.159 

93.5 
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Experiment No. M-5 

Solid Oxide Electrolyte Cell lemperatiire = 770°C 
Initial Temperature of the Reaction Zone = 1054°C 


Time of 

reaction, 

min. 

i 

» 

JTemp. of 

.'reaction 

{zone, °C 
! 

1 

f 

t 

{EiME of 
{CSZ 
{cell, 
{volts 
{ (uncor. 

t 

{ Ah of 
{ capilla 2 ?y 
{flow- 
{meter, 

) { cms . 

T — 

{Pet. GO 
{in the 
{product 
{gas 

t 

-W xIO^ 
c 

gms/sec 

T 

i-W xIO^ 
{ 0 

{gms/sec 

! 

1 



1 

{Pet. - 
{reduc- 
{tion 

f 

1 

1037 

0.750 

6.8 

6.01 

1 .780 

4.610 

14.7 

3 


0.830 

34. a 

52.6 

8.770 

19.600 

67.0 

5 


0.875 

32.8 

60.0 

7.900 

14.800 

112.7 

7 


0.900 

20.8 

73.8 

4.890 

8.230 

136.2 

9 


0.920 

1.8 

82.3 

0.417 

0.654 

138.5 

11 

1043 

0.920 

0.60 

82.3 

0.139 

0.218 

139.2 

14 

1045 

0.920 

0.50 

82.7 

0.116 

0.161 

140.5 
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Experiment Fo. M-7 

Solid Oxide Electrolyte Cell Temperature = 
Initial Temperature of the Reaction Zone = 


Time of 

reaction, 

min* 


Temp, of 
reaction 
zone, °G 


EMP of 
CSZ 
cell , 
volts 
(uncor . ) 


Ah of *Pc-t- nr) 

capillary 

flow- « ^ "the 


flow- 
meter, 
cms . 


{product 


igas 


-¥ xIO^ 
c 

gms/sec 


793 OQ 

969°C 


-W xlO 
o 

gms/sec 


Pet. 

reduc- 

tion 


1 


0.050 

2.0 

0.00 

0.397 

1.059 

4.1 

3 

956 

0.590 

2.8 

0.17 

0.741 

1.974 

11.3 

5 


0.608 

2.6 

0.27 

0.688 

1.832 

18.3 

7 


0.670 

2.2 

1 .23 

0.581 

1.541 

24.3 

9 


0.700 

1.9 

2.55 

0.501 

1.319 

29.4 

11 

966 

0.870 

1.6 

63.1 

0.383 

0.700 

32.3 

13 


0.870 

3.0 

63.1 

0.719 

1.312 

39.0 

15 


0.910 

14.2 

82.1 

3.287 

5.169 

58.3 

17 


0.920 

11.4 

85.4 

2.622 

4.007 

74.2 

19 


0.920 

9.6 

85.4 

2.208 

3.374 

87.2 

21 


0.920 

8.0 

85.4 

1.840 

2.812 

98.0 

23 

966 

0.930 

5.4 

85.2 

1.236 

CX) 

105.0 

25 


0.930 

1 .8 

88.2 

0.412 

0.614 

107.0 


0.930 


0.137 0.205 109.0 


28 


968 


0,6 


88.2 


2.34 


Experiment lo. M-8 


Solid Oxide Electrolyte Cell Temperature = 791^0 
Initial Temperature of the Reaction Zone = 954 °C 


Time of 

reaction, 

min. 

JTemp. of j ® 

{reaction 

{zone, 

{ '(uncor. 

-t 1 

' t 

1 Ah of ' , 

{capillary 

{flow- 

{meter. Product 

) {cms. 

1 — ^ — « 

-¥ xio"^ 
c 

gms/sec 

I 

1 

t * A 

{-¥ xIO ^ 

i ° 

{gms/sec 

1 

t 

■ 

Pet . “ 
reduc- 
tion 

1 


0.590 

1 .0 

CO . 16 

0.264 

0.705 

3.19 

3 


0.660 

1.4 

0.95 

0.370 

0.982 

7.64 

5 

940 

0.650 

1.8 

0.73 

0.475 

1 .266 

13.2 

7 


0.650 

1.7 

0773 

0.449 

1.194 

18.7 

9 


0.662 

1.6 

0 « 9'6 

0.422 

1.122 

23.8 

11 


0.685 

1 .4 

1.72 

0.369 

0.977 

28.2 

13 


0.690 

1 .2 

1.94 

0.316 

0.836 

31.9 

15 

945 

0.697 

1.0 

2.30 

0.263 

0.695 

35.0 

17 


0.700 

0.8 

2.47 

- 0.211 

0.555 

37.6 

19 

946 

0.707 

0.9 

2.92 

0.237 

0.623 

40.4 

21 


0,721 

1.7 

4.68 

0.447 

1.169 

46.1 

• 23 

946 

0,800 

7.4 

22.9 

1.894 

4.470 

65.8 

25 


0.870 

9.0 

62.6 

2.159 

3.955 

83.8 

27 

947 

0,890 

8.0 

73.2 

1 .883 

3.181 

98.4 

29 


0.900 

7.0 

77.8 

1.634 

2.661 

110.0 

31 


0.909 

6.4 

81.4 

1 .484 

2.346 

121.0 

33 

949 

0.915 

5.6 

83.5 

1.293 

2.007 

130.0 

35 ' 


0.920 

2.2 

85.1 

0.506 

0.775 

138.0 


Experiment ¥o. M-9 


Solid Oxide Electrolyte Cell Temperature = 78400 
Initial Temperature of the Reaction Zone = loog-C 


Time of jTerap. of,'* 
reaction, [reaction 
min. [zone, oQtCell, 

{ [volts 

I [(uncor.) 

[ Ah of J 

[capillary 
[flow- "the 

[meter, IP^^oduct 

[ems 

-• — ! 

■-p- « 

f 

i-W xlO^ 

f ^ 

f 

[gms/sec 

f 

I 

[~W^xl0^,'Pct. 

» , [reduc- 

[gms/sec|tion 

f ! 

1 


0.570 

7.0 

0.09 

1.853 

_i 

4.930 

12.9 

3 

992 

0.565 

6.6 

0.09 

1.747 

4.656 

26.3 

5 

996 

0,740 

8.0 

5.81 

2.100 

5.438 

43.4 

7 


0.855 

27.0 

51.7 

6.600 

13.050 

75.4 

9 

1001 

0.890 

20.0 

71.8 

4.719 

8.067 

96.6 

11 


0,905 

17.8 

78.7 

4.147 

6.708 

113.5 

13 

1003 

0.920 

7.0 

84.3 

1.614 

2.490 

121.0 

15 


0.927 

3.2 

86.4 

0.735 

1.112 

123.0 

18 

1005 

0,928 

0.8 

86.7 

0.183 

0.277 

125.0 



Experiment Ho. M-3 


APPEHDIZ - Alv 
EXPERIMEHTAI BESIJET^ mvT ... 

mioeo-eelibts md 

ry 


23s 


I’ime of 

reaction, 

inJn. 


Cell Temperature 
Inrtxal Temperat ure of the Eeaotlon Zone 


11 

13 

15 

17 

19 

21 

23 

25 

27 

29 

31 

33 

35 

39 

41 

43 

45 

47 

49 

51 

53 

55 

57 

59 

61 

63 

65 

67 

69 

71 

73 

75 


of lEMP of 
Jroaetion.'CSZ 
j55one, °CJcell, 

» {volts 

I — — Kuncor. ) 


778 °C 
954°C 


954 


940 


045 


0.660 

0.690 

0.690 

0,710 

0.728 

0.735 

0.740 

0.742 

0.749 

0.750 

0.752 

0.757 

0,770 

0.795 

0.820 

0.835 

0.852 

0,869 

0.878 

0,885 

0.891 

0.895 

0.901 

0.906 

0.909 

0.910 

0.910 

0.913 
0.915 
0.917 
0.917 
0.9 18 
0,920 
0.920 
0.920 
0.920 


of |Pct, CO- 
capillary I in ’ ^4 

i£?w- {product! 


l-W xlo^ {Pet . 


0.80 

0.70 

1.4 

1.4 

1.2 

1.0 

0.9 

0.8 

0.7 

0.6 

0.4 

0.4 

0 , 8 - 

1.2 


1.2 
1 .2 
1 .1 
1.1 
1.0 
1 .0 
0.3 
0.9 
0.9 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0,8 
0.8 


I {reduc- 

tgms/sec {tion 


1.31 

1.60 

1,60 

2.61 

4.03 

4.76 
5.36 

5.62 

6.62 

6.77 
7.09 

7.96 

10.7 
18.2 
29.4 

37.7 

48.1 

58.6 
63.9 

67.8 

71.0 

73.0 

75.9 

78.1 

79.3 

79.7 

79.7 

80.9 

81.7 

82.4 

82.4 

82.8 

83.5 

83.5 
83.5 
83.5 


0.211 

0.154 

0.370 

0.370 

0.316 

0.263 

0.236 

0.210 

0.184 

0.157 

0.105 

0.105 

0.203 

0.309 

0.304 

0.300 

0.271 

0.266 

0.239 

0.238 
0.213 
0.212 
0.211 
0. 187 
0.186 
0.186 
0.186 
0,186 
0.185 
0.185 
185 
185 
185 
185 
0.185 
0.185 


0 

0 

0 

0 


0.560 

0.206 

0.978 

0.972 

0.825 

0.684 

0.614 

0.544 

0.473 

0.405 

0.270 

0.268 

0.526 

0.750 

0.692 

0.650 

0.548 

0.501 

0.434 

0.419 

0.366 

0.359 

0.349 

0.303 

0.300 

0.298 

0.298 

0.295 
0.293 
0.290 
0.290 
0.289 
0.287 
0.287 
0.287 
0.287 


5.73 

6.36 

9.61 

12.8 

15.5 
17.8 

19.3 

21.7 

23.3 

24.6 

25.5 

26.5 

28.3 

30.8 

33.1 

35.2 

37.1 

38.8 

40.2 

41.6 

42.9 

44.1 

45.2 
46. a 

47.2 

48.2 

49.2 

50.2 

51.2 

52.1 

53.1 

54.1 

55.0 

56.0 

56.9 

57 .9 
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Experiment No 


Oxide 


■lui Temperature 


Electrolyte Cell Temperature = 
arature of the Reaction Zone = 


Time of 

reaction, 

min. 


}Temp. of !E1E of 
,'reaction,'CSZ 
jzone, I cell, 

I {volts 

1 JXtmcor. 

0.772 
0.770 
9‘J3 0.775 

0.775 
0,772 
902 0J73 

U.77B 
91H 0,780 

0.760 
0.780 
965 0.782 

963 0.782 

0.783 


793 °C 
967°C 


0,808 

0.818 

0,832 

0.850 

0.865 

0.878 

0.885 

0,890 

0.895 


0.905 

0.910 

0,913 

0.913 

0.915 

0.920 

0.920 

0.921 

0.923 


to of iPct. 00 r 

capillary ;in the J-W xlo'H-i x1o'^ 
flow- [product! = 10^’° 


meter, 
oms . 


}Ect . 
{reduc 


. jreau 
jgms/sec !gms/sec |tion 


13.3 

12.7 

14.2 

14. 2 

13.3 

13.6 

1S*1 

15*7 

15.7 

15.7 

16.4 

16.4 

16.7 

27.1 

32.2 

40.2 

51.1 

60.2 

67.5 
71.2 

73.6 
76.0 
78.1 
80.1 
82.0 

83.1 

85.1 

83.8 
85.4 

85.4 

85.7 

86.5 


0.363 

0.363 

0.570 

O.5I8 

0.363 

0.259 

0.259 

0.232 

0.181 

0.155 

0.129 

0.129 

0.129 

0.406 

0.353 

0.348 

0.293 

0.289 

0.285 

0.283 

0.258 

0.257 

0.256 

0.255 

0.254 

0.207 

0.207 

0.184 

0.184 

0.184 

0.183 

0.183 


0.904 

0.908 

I.4I0 

1.280 

0.904 

0.645 

0.638 

0.572 

0.444 

0.381 

O.3I6 

O.3I6 

0.315 

0.937 

0.789 

0.743 

0.582 

0.538 

0.503 

0.486 

0.435 

0.425 

O.4I6 

0.408 

0.400 

0.324 

0.324 

0.286 

0.281 

0.281 

0.280 

0.277 


3.30 

6.61 

11.5 

16.3 

19.6 

22.1 

24.4 

26.4 

28.6 

29.4 

30.6 

31.8 

32.8 

35.7 

38.6 

41.5 

43.5 
45.4 

47.3 

49.0 

50.6 

52.2 

53.7 

55.2 

56.6 

57.9 

59.1 

60.2 

61.9 

63.6 

65.7 

67.7 
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iLPPENDIX IV 


MASS TRAISPBH MAEYS IS INSIDE THE OXIDE PEEIET 

Ttri,„ fululyolr. 1= basod on similar analysis available 

ill Ulu I i . 

I'hu i'c.'utliun which the cinalysis is made is: 

= 3 d?e + COg 

Thi.n lij fi urUur reaction for which 


r = ]s:^(C^ « C) 

'i'lu: ;/ui)tiiofcr.y ourrosponds to flat disc exposed to 
re;'cir,nt unly t'ruin one side. 


■n jj . g-; 


where 


¥ 

I ■- peiiot thickness, cm 

e iieiifjit;/ of solid, g/cc 

- uiTectivg diffusivity of gases through 

2 

iw.ioropurufa , cm /see 

ts ecpi.n 1 /^oia«it«at 

,i’orv/M.rfi reaction rate constant, gm mole/sec 
'.rhu I'ollowirv-S data from experiment 17 have teen 


uuod in the calculation. 
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W.. 


10 , 


(I),.) 

CO, 


‘co. 


1 

— 


3.0 g/cc; T = 1229°K 

weight of pellet = 1.9172 gM 


0.29 cm; 


-w, 


0 2.518 X 10 ^ gm/sec, 

J 

M. 




O.OU1H583 


GO 


'GO 


“°°-“2 \o.CO, 


1 omyriuc, 

Kiiiiarsun tl itruaivity 


•3! m 1/2 

•KYo X 10'’ . 


GO, 


7 1 1 ..i oin f wK^o, 


nio.louu la r v/t. of COgj a = pore radius in cm 


10 ~^ cm 


1 




2 


“ ;:.473 0.1949 


1,1 V 


0.4044 cmVouc 


kj v.'ua auluulatud from the data of Bickenese and Clarke as 


r< i 1 .1 u?*a I 
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= [4.3 


13«800^ 


j_iV£l 

0 60 

e 


Assuming [1 - (1-f) to vaiy linearly with time, 
r -I / 1 4>^ V3i ^ -1 /•z ^ 


1 - (1-f) 
t 


It [1 - (1-f)^/^] 


3 V 1 1/ ^ 


(1-f) 


-2/3 1_ ^ 

W° 

0 


?/here = weight of oxygen left 

W° = initial weight of oxygen 


W? - W 


I = 


= 1 - 


" c - c 

e 

where C denotes concentration of CO2 in. g moles/cc 


. * . k. 


f Ilox __L_ __J 

dt ^ • 16W * C - 0 

P e 


(^) _L_- 1_ 1 - 

= - ^dt ^ • 10 • - G 


3 _ ri - ( 1-1 


l6(Cg-C} • 10 


3x3 [ 4,.: 

10 X 16C„ 


13,800> 


. 3 . (1-f)' 


. (1-f)‘ 
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4*3 exp 


= 1 .464 X 10‘ 


= ^ = sT’i 1229 
= 2.928 X ^0~^ gm.moles/cc 


assuming ; 


f = 0.55 


(1-f)2/3 ^ 0^5^ 


or, . 


k, = 


10 X 16 X 2.928 X 10" 


X 1 .464 X 10 X 


-2 Otfi 


= 2.953 gm. moles/sec. (gm of oxide) per unit 

(C^-C) 


0 29 X 

'-0.4184 0.4044' 


= 2.54 


tanh 0-^ 0»995 


tanh 0- 


T) = 


i -v ^ 


0.5920 


where t] is the ef fee tire rate per unit mass of oxide 

r - effective rate per unit mass of oxide 
P 

= n • 


where r * rate at the surface, 
s 
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dWo 


i_ 

16 


■ 1 _ 

' W 

P 



X 


16 


X 


1 _ 

W 

P 


= 2.518 X 10'^ 



1 . 

1.9172 


""5 

= 0.082 X 10 gm mole O/sec. gm oxide 

r 

' ‘ = if = 0*21 X 10~5 gm moles per sec (gm. of oxide) 

■n^ O 

u 0 "" ^CO 

Aga^iHj T = K. (G — Q j — 2 2 \ 

s 1 e s ^ 1 RT / 

Hence, = r, x 

0.210 X 10 ~^ X 82 X 1 PPQ 

2 T 953 " 

= O.O 69 atm. 

■Thus the difference in between the top and 

bottom surfaces of the pellet is about 7 pet. 
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